
AD-A270 679

ISAF '92

PROCEEDINGS
of the
E ighth
IEE

International Symposium on
Applications of Ferroelectrics

Editors:

DTIC Michael Liu
ELECTE Ahmad Safari
uuj 13 i993 Angus Kingon

S A IJ Gene Haertling

This dc-cumenw has been PppoVed-

_________o ___________ Greenville, SC
USA

August 30 - September 2, 1992

93-23875

IEEE Catalog Number 92CH3080-9

93 10 8 019



Best
AvailIable

Copy



REPORT DOCUMENTATION PAGE o o
'dye '&#- Its __a 0.. 0,0 I W Iwo II IoveIa IAW Sa " IM l 6 nos

I Feb 9,3- . [_FINAL: I Jan 92 - 30 June 93
4 Wil A00 WOMhi S . FUNOW11fume ... ..

1992 International Symposium on Applications of~er e e t i sG N 0 1 - 2 J 1 7

M. Liu, A. Safari, A. Kingon arid G. llaertling, Editors

RJIOOM NUMBIRl
Clemson University
Clemson, SC 29634-0907 92Ci13080-9

AWN IPC•IIlO1l NUMINI
Office of Naval Research

it. ru LRAW0.V 1ai{''
Symposium Proceedings

No restrictions.

""sI tiSi•0 {•;,•m,,,ffl• 36;;F3he eighth" I,'nternational Symposium on the Applications of

Ferroelectrics was held in Greenville, SC, on August 30 to September 2, 1992. It was
attended by approximately 260 scientists arid engineers who presented nearly 200 oral
and poster papers. The th1ree pVlenary presentations covered ferroelectric materials

which are ctirrently moving into commercial exploitation or have strong potential to (in
so. These were (1) pyroelectric imaging, (2) ferroelectric materials integrated with
silicon for use as micromotors and microsensors and (3) research activity in Japan on
high pprmittivity materials for DRAMs. Invited papers covered such subjects as pyro-
electric and electrooptic properties of thin films, photorefractive effects, ferro-

electric polymers, piezoelectric transducers, processing of ferroelectrics, domain
switch~i-g in ferroelectrics, thin film memories, thin film vacuum deposition tech-
niques and the fabrication of chemically prepared PZT and PoT thin films.

The papers continued to reflect the large interest in ferroelectric thin films
It was encouraging that there have been substantial strides made in both the process-
ing and understanding of the films in the last two years. It was equally clear, how-

ever, that much still remains to be done before reliable thin film devices will be
availableoin the marketylace.
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EIGHTH INTERNATIONAL SYMPOSIUM ON THE
APPLICATIONS OF FERROELECTRICS

August 31-September 2, 1992

Greenville, South Carolina, U. S. A.

PREFACE

The eighth International Symposium on the Applications of Ferroelectrics was held in Greenville, South Carolina
on August 30th to September 2nd, 1992. It was attended by approximately 260 scientists and engineers who
presented nearly 200 oral and poster papers.

On each day, the technical sessions were led by plenary talks. The three plenary presentations covered
ferroelectric materials which are currently moving into commercial exploitation, or have strong potential to do so.
These were:

* A review of pyroelectric imaging by Bernie Kulwicki and co-workers of Texas Instruments where arrays of
pyroelectric sensors are being successfully produced for infra-red imaging.

* A review of ferroelectric materials integrated with silicon for use as micromotors and microsensors, by
Dennis Polla of the University of Minnesota.

* A review of research activity in Japan on high permittivity materials for DRAMs, by Yoichi Miyasaka of NEC.
It is believed that future generations of silicon-based microelectronic memories will require high permittivity
ferroelectric materials for static capacitors due to the shrinking dimensions of the devices. This will push
ferroelectric materials strongly into the microelectronics arena.

Invited papers covered a range of topics, and are listed below:

D. A. Trossell, et al: Pyroelectric and Electro-Optic Properties of Dual Ion Beam Sputtered Lead Titanate Thin
Films - GEC Marconi Materials Technology Ltd.

S. R. J. Brueck and A. Mukherjee Electro-Optic and Photorefractive Effects in PLZT Thin Films - Center for
High Technology Materials, University of New Mexico

T. R. Shrout and S. L. Swartz: Processing of Ferroelectrics and Related Materials: A Review - Materials
Research Laboratory, Pennsylvania State University

V. Ya Shur, et al: Fast Switching in Ferroelectrics: Experimental and Computer Simulation - Ural State
University

A. Sternberg, et al: Modified Lead Containing Perovskite Ceramics for Electro-Optic, Electrocaloric,
Pyroelectric, and Electrostrictive Applications - Institute of Solid State Physics, University of Latvia

Jan Fousek Domain Investigation: A Select Review - Institute of Physics, Prague
P. K. Larsen, et al: Ultra fast Switching and Fatigue in Lead Zirconate-Titanate (PZT) Thin Films - Philips

Research Laboratories
J. Scheinbeim: Piezoelectric and Ferroelectric Polymers - Rutgers State University
T. R. Gururaja: Piezoelectric Transducers for Medical Ultrasonic Imaging - Hewlett Packard
R. Ramesh, et al: Epitaxial Ferroelectric Thin Films for Memory Applications - Bellcore
0. Auciello: A Critical Review of Ferroelectric Thin Film Processing - Microelectronics Center of North Carolina

and NCSU
S. Sinharoy, et al: Processing and Characterization of Ferroelectric BaMgF4 and Bi4Ti3O12 Films for

Nonvolatile Memory Field Effect Transistor (FEMFET) Devices - Westinghouse Science and
Technology Center

B. Tuttle, et al: Chemically Prepared Pb(Zr, Ti)0 3 Thin Films: The Effects of Orientation and Stress - Sandia
National Laboratories

J. F. Scott, et al: Microstructure-Induced Schottky-Barrier Effects in Barium Strontium Titanate Thin Films for
16 and 64 Mb DRAM Cells - Department of Physics, University of Colorado

The paper by Shrout and Swartz was unusual because it represented a survey of the community on current and
future trends in processing. It generated a great deal of interest and emphasized the fact that much effort
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continues to be put into a steady evolutionary improvement in process procedures, particularly through improved
synthesis and control of the starting powders.

A somewhat more revolutionary development is that of ferroelectric thin film materials. The papers in Greenville
continued to reflect the large interest in these materials which became so apparent at ihe 7th ISAF held at the
University of Illinois in 1990. It was encouraging that there have been substantial strides made in both the
processing and the understanding of the thin films during the short intervening period. It was equally clear,
however, that much still remains to be done before viable and reliable thin-film devices will be available in quantity
in the marketplace. It should also be noted that the growth of activity in ferroelectric thin films has brought
researchers with different backgrounds and expertise into the filed. If cross-fertilization is actively encouraged,
this can only have a positive impact on the ferroelectrics community. It is with this in mind that we encourage
ferroelectric films to be an integral part of the ISAF and IMF meetings, rather than having thin films directed only to
the specialist meetings which have evolved (Materials Research Society Symposia, International Symposium on
h •.tc crated Fe-roplectrics).

As the attendees will well remember, this ISAF meeting came complete with unexpected setbacks with the
conference hotel suffering a power outage on two consecutive afternoons. Despite this, the program ran on
schedule. Eric Cross entertained guests by flickering candlelight at the conference banquet - giving a personal
account some of the people and personalities involved in ferroelectrics over the past 40 years. The Achievement
Award was presented to Dr. Wallace A. Smith for his contributions in the filed of composites. It was also
announced at the banquet that the next ISF will be held at Pennsylvania State University in 1992, with Professor
Amar Bhalla as the general chairman.

A word of thanks to all who participated in this meeting, and all who contributed to making it a success. Special
thanks go to Mr. Jamie White of Clemson's Continuing Engineering Education and Mr. Michael Ingram of North
Carolina State University for providing organizational support.

Finally, sincere thanks go to the UFFC and IEEE sponsoring organizations and the Office of Naval Research for
their financial support of the conference.

Angus I. Kingon Gene Haertling
Technical Program Chairman Symposium General Chairman
Department of Materials Science & Engineering Department of Ceramic Engineering
North Carolina State University Clemson University
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Abstract

yroelectric detection represents a significant technology This paper will attempt to review the application of py-
for i.. ared imaging in the 8-14 pan atmospheric window. Detec- roelectric detectors to infrared imaging, emphasizing progress in
tor materials of interest include Ba,-,Sr.TiO 3, PbSc1 /2Ta1 /20 3, the last several years. First we shall briefly compare imaging
PbZr,.,Ti.O3 and PbTiOy The first two materials typically operate technologies, then discuss the principles of pyroelectricity, proceed
near the phase transition temperature, with dc bias applied. Lead to an updated comparison of pyroelectric materials suitable for
(zirconate) titanates are poled and operate without bias well below imaging application, and finally consider the device and system
their transition temperature. A principal objective of work on requirements. We will also present the results of some of our own
pyroelectric imaging has been to produce low-cost infrared cam- efforts to produce hybrid detectors employing reticulated barium
eras which are capable of delivering television quality images and strontium titanate ceramics.
which operate near room temperature without requiring costly
cooling systems. Good progress has occurred toward achieving
this objective.

Imaging Technologies

Introduction Photon Detectors

Infrared imaging, particularly in the wavelength range of The principal means to produce imagery in the 10-14 Pgm
10-14 pm, corresponding to the thermal black body maximum near window involves the utilization of cooled small band gap semi-
room temperature and to the atmospheric window, is desirable for conductor arrays in either photoconductive (PC) or photovoltaic

a wide range of applications. Some examples include night vision, (PV) mode [4]. PC devices typically use mercury cadmium tellu-
reconnaissance, target recognition, driving aids, manufacturing ride as a detector material and are most often employed in scanning
controls and security systems 11-21. mode; i.e. a linear detector array mechanically scans the scene,

producing very high resolution imagery with extremely short

Present commercially available systems that provide high response time [2]. The IR photons absorbed by the semiconductor
resolution and fast response time are based on photon detectors, create electron-hole pairs, and the resulting photo cunent is propor-
operating at low temperature (e.g. 77 OK) in order to obviate the tional to the intensity of the incoming radiation. Shortcomings of
effects of thermal noise. The majority of such systems utilize this type of detector include the cost and reliability of the scanning
photoconductive mercury cadmium telluride (MCT) as the detector and cooling systems, and pixel to pixel variability in the array of

material [2-5]. Photovoltaic detectors utilizing MCT [3-6], Si-PtSi PC elements, giving rise to undesirable fixed pattern noise.
Schottky barriers [6-8] and III-V compound superlattices [5,10] are
actively being developed. Tradeoffs among the various approach- Efforts have been underway to produce PV staring arrays
es exist [9,11]. However, all these systems require extensive (i.e. rectangular array of pixels attached to an integrated circuit
cooling and thus tend to be costly. multiplexer/preamplifier) that eliminate the scanning system and

provide improved pixel to pixel uniformity. Substantial activity on
!n applications that do not require extremely high resolu- PtSi diodes for medium wavelength operation [8] and IrSi for

tion or fast response time it is feasible to utilize thermal detectors. operation out to 10 gm [7-81 have shown promise in achieving
The two technologies considered most seriously are thermistor high density (648 x 487) pixel arrays with outstanding uniformity.
bolometers and pyroelectric detectors. Both offer the possibility to However, till now they appear mainly useful in the shorter wave-
operate near room temperature, without extensive cooling. The length range (up to 5 gtm). IrSi diodes require cooling to 45 OK and
greatest effort has been on pyroelectric materials, and the reader is just then become responsive at 10 p.m. Since manufacturing takes
referred to a considerable literature detailing the progress in advantage of low-cost planar silicon processing technology, it is
achieving improved performance over time [ 12-25]. likely that continued effort will occur to extend the range of opera-

tion of these devices. But it is unlikely that the cooling require-

Approximately ten years ago significant effort was devoted ment can be eliminated for 10-14 pm operation. Second genera-
to the development of the pyroelectric vidicon [ 14-19]. Five years tion PV MCT devices have also been developed to address the
ago activity shifted to hybrid structures with a reticulated thin problem of pixel uniformity [6,11].
ceramic detector array, solder bump-bonded, pixel by pixel, to the
silicon readout circuitry [17-21]. A device implementation of this Research effort is also being devoted to the investigation

type, utilizing a modified PZT ceramic, was described by Shor- of GaAs/(GaAI)As and other IIl-V system quantum well superlat-
rocks at the Urbana meeting in 1990 [261. This effort has con- tices, in order to further extend sensitivitN, response and resolution.
tinued with the improved performance of phase transition materials especially at long wavelength 16.10]. Since these structures can be
such as lead scandium tantalate (PScT) f21,25,47]. The most processed like Si devices, it is hoped that manufacturing cost will
recent work has explored thin films to minimize thermal mass and be low, but it is likely that cooled systems will continue to be
further improve responsivity 124-28]. required for acceptable signal to noise levels.
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tion, py..clectricity is allowed in the two limiting Curie groups

Thermal Defectors -(C .), and -omx(C- ,) which represent the symmetry of a tex-

tured material (e.g., wood) and that of an electrically poled ferroe-

Thermistor bolometry is a sensitive means to detect in- lectric ceramic respectively. If the crystal point group contains a

frared radiation [31 and continues to receive attention. In addition unique polar axis (2, 3, 4, or 6 fold), this will necessarily be the

to the utilization of conventional semiconductor NTC 129-30] and direction of the pyroelectric vector. For point group m(C.), the

FTC 131 1 thermistors, efforts to take advantage of the rapid change polar axis will be anywhere in the mirror plane.

in resistivity of high temperature superconductors such as
YBa,Cu30 7.3 (YBCO) have shown promise 132-33). However, the
latter apprvach requires cooling below 125 OK (below 90 OK for
YBCO).

Elaslic and Electric Boundaries
The utilization of the pyroelectric effect in ferroelectric

materials has been of strong interest, since this technology promis- Most pyroelectric measurements are made under constant
es elimination of expensive cooling systems (i.e. it is relatively low stress, i.e. X t = 0 for all values of ij. The difference between the
in cost), and has adequate performance for many medium range, stress free unclamped" pyroelectric coefficient pX and the
human vision limited applications. Recent applications work has "clamped" coefficient measured under constant strain p, could be
emphasized hybrid detector ceramic/IC device structures, using significant. For triglycine sulfate (TGS) the pyroelectric coeffi-
either conventional pyroelectrics operating well below T. [17- cients measured under constant stress pX and constant strain p, are
23.261 or phase transition materials operating near the transition -0.027 and +0.006 1 iC cm-

2 K-1 , respectively 1341.
temperature under dc bias [ 19-25]. Additionally, increasing effort
is being devoted to the exploration of thin film structures, with the The relationship between the pyroelectric coefficient ineas-
pyroelectric film deposited directly on the IC, taking advantage of ured under constant stress pX, and that measured under constant
surface micro-machining to provide the necessary thermal isolation strain p1 (the primary coefficient) is given by:
[28]. This paper will principally consider recent developments in
hybrid and thin film pyroelectric detectors. pX = p.j + X., _•Y m c. LLx d, x tF (i.j. . 1,2.3) (3)

where c E.x is the elastic stiffness tensor d x the piezoelectric tensor
jknlmm

and a E the thermal expansion tensor. The superscripts denote the
measurement conditions. The second term in the right hand side of

Pyroelectricity equation 3 is known as the secondary pyroelectric effect. It is
piezoelectric in origin, and represents the coupling of thermal

If the crystal has an electric polarization Pi, then pyroelec- strain to the polarization vector via the piezoelectric modes of the
tricity is defined as the change in electric polarization accompany- crystal. The reduced form of equation 3 for the 10 polar groups
ing a change in temperature. The pyroelectric coefficient pi relates can be found in [34]. For point groups, 4(C 4). 4ni(C 4, ), 3(C,;
the change in polarization APi (a vector) and the temperature 3m(C3+), 6(C 6 ), 6mm(Cs,), and the Curie group ý niln(Coov).
change AT (a scalar) by: equation 3 takes the font:

A P, = Pi AT. (1) P3X = p. + 2d" x (cEX + c cc E + 2d~xc EA Cc F
33 311 1 1 3 13

For infinitesimal changes in temperature, equation I can be written + 2d x c EX 3 E + d X E E. (4)
.1 13c. 33 c33' o "(4

in a differential form:
The effect of dc bias on the pyroelectric voltage will be

aP, MIT = pA. (2) discussed. The dielectric displacement of the stress free "un-
clamped" crystal takes the following scalar form:

In the mks system 9f units the polarization Pi (i.e. the charge per
unit area taken perpendicular to the polarization vector) has the D = F Eb + pX.E, (5)
dimension C m- 2. Therefore, the pyroelectric coefficient pi is
expressed in C m-2 K-t (e.g. in the theory we discuss here), or often where c is the dielectric pennittivity. Eb the biasing field, and px.E
gIC cm-2 K-I (e.g. in the data we will present later). The pyroelec- the polarization vector under constant stress and field. Differentiat-
tric coefficient is a polar vector (first rank polar tensor). Thus the ing with respect to temperature yields,
maximum number of independent pyroelectric coefficients is three
(PI. P2, p3 ) for the most general triclinic point group l(C,). (aD/fST) = p' = (ae/ST) E, + (OP/0T). (6)

According to equation 6, the total pyroelectric coefficient p' con-

Symmetry Requirements sists of a dielectric contribution (the first term on the right hand
side) and a spontaneous polarization contribution (the second

Two conditions must exist for the crystal point group to be term). More rigorously, the dielectric contribution in equation 6
pyroelectric: the absence of the inversion operation and the exist- should be written as a field integral to account for dielectric non-
ence of a unique polar axis. A unique polar axis is an axis of linearities. The signal voltage AV is given by:
symmetry for which the two ends are not related by any of the
symmetry operations of the point group. Both conditions are AV = AQ/Cx = p' A AT/Cx . (7)
necessary. The first condition nulls pyroelectricity in the I I cen-
trosymmetric (Laue) groups, whereas the second (uniqueness of where Q is the charge generated, A the electrode area and C, the
the polar axis) limits it only to the following point groups: I(C,), crystal's capacitance. Substituting for p' from equation 6 in equa-
2(C 2 ), 3(C 3), 4(C4 ), 6(C 6), m(C,), mm2(C 2,), 3m(C3,), 4mm(C 4,), tion 7, noting that Cx = LA/a and V , = a E,. where a is the thick-
and 6mm(C6,). These are known as the 10 polar groups. In addi- ness of the ovroelectric element:
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AV = Ited/dT) Vh + a (rJP/Io')I AT. (8) -Ihernial D)etection

The first tenn in equation 8 is the dielectric contribution (bolome- The pyroelectric element can bhe epieseied bh a .urlent

ter node) and the second term is the spontaneous polarization soui,:e A p (dT/dt) driving a parallel element-load impedance as

AoMtMibution (ptYroelectric mode). It must be noted that AV is not shown in Figure 1 Let C. and R. be the capacitance and resistance

linear in bias because of the non-linearities of E. Similarly, the of the pyroelectric element, and R, and Cl be the load iesistance

dielectric and thermal properties of the crystal are also functions of and capacitance (e g of the preamplifiei). Thus, the parallel

the clastic and electric boundaries, element - load capacitance C, and resistance R, are: C =C Ct ,
R, I = G, = R,'t + R K 1 , where Gi. is the electiical conductan.e.
The admittance of the circuit is Y = GL + i w C11.

Measuremetils According to Cooper 137!, if the detector thermal ca-

pacitance is H and is connected by a thermal conductance G, to a

The sunple is usually prepared in the fonn of a metallized heat sink, and the incident power is W, the heat balance equation

plate ", ith the surfaces perpendicular to the polar axis (Figure 1). is:

Most pyroelectric nmeasurements are made under constant stress
(i e AX, = lh in which the sample is allowed to expand freely. It Tl W = H (dT/dt) + GIT. (10)

is convenient to measure the pyroelectric current or voltage in a
manner that is independent of the sample's impedance, especially where rI is the fraction of incident pimer absorbed bv the detector.

tnear the phase transition where the impedance may vary rapidly. It and T is the temperature difference between the detectoi and the

is also important to keep the pyroelectric voltage AV small such heat sink. A sinusoidally modulated incident radiation can be ex-

that non-linearities in polarization do not become significant [14]. pressed by W = W, e" , thus equation 10 has a solution.

This is achieved by measuring the pyroelectric current under short

circuit conditions (i e at constant field). T = iW/(Gr + iu)H). (11)

I =Ap ( d oThe pyroelectric current I and voltage \', aie gviven hy:

A, 1 I =p A(dT/dt)=Io lpAW/(G, + itolli. (12)

a RT L Vo = IiY = (iTopAW)/(Gl + io)Hi(i[ 4 ito 'CJ) 13)

The current responsivity R, is defined as tile pvroelectric current
per unit incident power.

Figure 1. Equivalent circuit of a pyroelectric crystal. Ri= 1 /W I =r'owpA/AG1
2 

+ o 2 H 2 "l: (14)

There are two commonly used methods [141 to measure the
pyroelectric coefficient: a) measurement of the pyroelectric cur- similarly, the voltage responsivity R, is.

rent or b) measurement of the pyroelectric voltage (charge integra-
tion by a capacitor or amplifier). By heating the crystal at a con- R, = I I/YW I
stant heating rate usually I or 2 °C/min and measuring the py-

roelectric current !351, the pyroelectric coefficient can be calculat- = rw) pA/IGTGE( 1 + (9)2 .t 2)120 1 + tiF2 
I/21[ (15)

ed from equation 2 according to I = - A p (dT/dt). Alternatively,
by measuring the pyroelectric voltage AV, the pyroelectric coeffi- where ti (= H/G-r) and T,._ (= CJ,/G,-i are the thermal and electrical

cient can be calculated from equation 7 according to: AV = time constants respectively. The voltage responsivity has a maxi-

p'AAT/ (Cx + C,), where C, is the shunt capacitor, usually selected mum R, (max) at a frequency to = (tT,:) 1i2 given by:

>> Cx. such that Cx can be ignored. Substituting for Cx = EA/a in

equation 7 and rewriting in a differential form we oh'y n: R,(max) = 1 pA/GTGIt.(T + tL). (Io)

dE/dT = p'/, (9) The frequency response of R, is depicted in Figure 2. The

thermal relaxation frequency has been arhit•aril, taken smaller

i.e., the change of the output voltage per unit thickness (field) of than the electrical relaxation frequency. It can be sho. it that in the

the crystal per unit temperature change is equal to the ratio of the region t-ounded by the thermal and the clectrical relaxation fre-

pyroelectric coefficient to the dielectric permittivity. Chopped quencies the voltage responsivity is flat within 3 dB of R,(inax).

radiation and other methods for measuring p are listed in [34].

The pyroelectric material figures of merit which describe R (max)
the current F,. voltage F,. and signal to noise Fa are obtained from
equation 9 as follows: F, = p'/c', F,. = p'/c'F, and Fd =

p'Ic'(c tan 8)1/2, where c' is the heat capacity per unit volume, and
tan 8 is the dissipation factor. In ferroelectric detectors such as
barium strontium titanate (BST), the pyroelectric and the dielectric
properties are strong functions of temperature near the phase tra _j
sition temperature T,. A technique which we found particularly
useful for determining the figures of merit without having to rely ' ,

upon two separate dielectric and pyroelectric measurements is t-: (T'E tT.•' 1 t,2

discussed in [361. This allows the simultaneous measurements of log o0
the pyroelectric and dielectric properties, thereby determining the
appropriate figures of merit from one temperature scan. Figure 2. Frequency dependence of voltage responsivity R, [181.
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The current responsivity R,, how, ver, reaches a steady state Table 11 compares the performance of a variety of conven-
value (= Ti p/H c'a) at the thermal relaxation frequency. For fre- tional pyroelectrics, i.e. poled detectors operating without bias well
quencies below the thermal relaxation frequency, R, is proportion- below the Curie point. In most cases these values represent r-pical
al to o. At frequencies above the thermal and electrical relaxation properties reported. Significant variation can be expected as a
frequencies, i.e. l/T << (0 >> l/E, R, takes the form: function of differences in processing. The best responsivity (i.e.

Fd, the detector material noise limited figure of merit) among the
R, = T p / a to c' (C. + CL). (17) single crystals is displayed by alanine/arsenic-doped TGS [38-391

and Ba-doped lead germanate [39]. However, doped crystals are
The thermal design of the detector is quite important. difficult to grow reproducibly, and TGS is sensitive to moisture.

According to equations 16 and 17, R, can be increased by decreas- Therefore, attention has been given to ceramics, since they tend to
ing the thermal conductance GT. This could be achieved by i) be more durable, and complex compositions can be more consist-
thermal insulation and/or ii) using thinner detectors. The preampli- ently manufactured.
fier characteristics determine the detector material figures ot merit.
For example, if CL " C. in equation 17, where C. = EA/a, then: The PZT family has been extensively studied, and good

responsivity has been observed in several compositions [12.16,23,
R, = i p/ Aw c' E, (18) 401. Considerable effort with PZFNTU (a doped solid solution

containing 40 mole% PbFet,1 Nb,, 2O, (sometimes referred to as
and F, = p/c'E may be taken as a figure of merit. On the other hand "modified PZT") has led to the development of an uncooled 10-14
if CL>> C., then Fi = p/c' is the app' )priate figure of merit. tm camera with a hybrid detector having moderately good perfor-

mance: 100xl00 pixels, NETD = 0.25 "K 1261.

Pyroelectric Materials Thin films of lead titanate 1281 and lead lanthanum titanate
[44] have been produced with properties very similar to the best

A variety of ferroelectrics have been explored for thermal ceramic PZT solid solutions. Combined with surface micro-
imaging applications. Some of the more important materials are machining to provide adequate thermal isolation of the pixels, thin
listed in Table I. It is se-,n that the majority are perovskites such as films promise better performance and simpler processing. Ceram-
PZT, BST, and PScT. Their high polarizability yields large spon- ics for hybrid detectors must be thinned, polished, reticulated and
taneous polarization and high dielectric permittivity (therefore high metallized, and an array of thermally isolated pixels bonded to the
induced polarization). Although not a necessary condition for a Si. Tens of thousands of pixels must precisely align with the
strong pyroelectric effect, a high polarization is desirable since it respective circuit elements on the IC.
often facilitates a substantial change with temperature, particularly
in the neighborhood of the Curie point. A high dielectric constant The technology of producing monolithic IR detectors using
is also useful in many imaging applications where small pixel ferroelectric thin films is just beginning. Several potential im-
dimensions constrain the impedance match with the preamplifier. pediments must be overcome in order to be successful, including

the development of adequate control of film chemistry, morpholo-
gy and electrical performance, without deleterious reaction with

Table I. Description of Materials for Pyroelectric Imaging the silicon. Ultimately. this must be demonstrated in a process that
is amenable to volume manufacturing on a consistent basis.

Acronym Name Formula Since conventional ceramic and thin film pyroelectrics are

inferior to single crystals, it has been of interest to consider phase
transition materials that operate near T, (or T,) under dc bias.TGS Triglycine sulfate (N, 2CH 2COOH),H2SO, These detectors are often referred to as "dielectric bolometers."

DTGS Deuterated TGS (ND 2CD2COOD) 3D2SO4  since the induced polarization (either below or above T,) can
ATGSAs Alanine+As-doped TGS (NH 2CH 2COOH) 3H2S0 4: dominate the pyroelectric response [391. It is also conceivable to

NH2CH 2CH2COOH:H 3AsO 4  operate in this mode without bias if the polarization direction can
DTGFB Deuterated triglycine (NDCD2COOD),DBeF4  be established by preferred orientation. e.g. in an epitaxial film.

fluoberyllate However, most device work to date has taken the former route.KTN Potassium tantalate niobate KTa,_.Nb.O3

BST Barium strontium titanate Ba-.,SrTiO3
BSCT Barium strontium calcium Ba,_,-ySrCayTiO 3  Table III compares materials that have been studied for

titanate application in the phase transition region. Values of Fd appear
SBN Strontium barium niobate Sr0 5Ba 5Nb20 6  greatly superior to normal pyroelectrics. as one would expect. The
PT Lead titanate PbTiO 3  very high responsivity promised by KTN appears unattainable on a
PCT Lead calcium titanate Pb,.,CaTiO, reliable basis, however, because of the extreme difficulty in obtain-
PLT Lead lanthanum titanate Pb,.,,2LaTiO 3  ing consistent and uniform chemistry [54]. The preponderance of
PLZT Lead lanthanum zirconate Pb,,La,(ZrYTi),,40 3  the effort has been devoted to PScT and BST [25.39]. The rhom-

titanate bohedral-rhombohedral transition in PZT and the rhombohedral-
PZT Lead zirconate titanate PbZr,-.Ti,0 3  tetragonal transition in PZN have also attracted attention, with
PZFNTU Modified PZT PbZrFeo2 Nbo 2Tioo0 O3:U efforts to enhance the maximum pyroelectric coefficient by means
PSZFNTU Sr-doped modified PZT Pbi.,SrZro nFeo 2Nb0 2Ti0 02O 3:U of compositional adjustment [50-52].
PScT Lead scandium tantalate PbSc,,2Ta1t20 3
PMN Lead magnesium niobate PbMg10 Nb213O3  It should be mentioned that the measurements given in
PZN Lead zinc niobate PbZn1 3Nb2130, Table Ill ha"e been largely obtained by the Byer-Roundy [35] or a'
PZNT PZT-PZN solid solution PbZr1,..yZn,/ 3Nb2 /.TiO 3  related, quasi-static method. For transition materials, it may be
PCoW Lead cobalt tungstate PbCo,/1 W•1/2 more appropriate to characterize them dynamically using chopped
PGO Lead germanate Pb5GeO 1 I black body radiation (Chynoweth method [55]). since this more
PVDF Polyvinylidene fluoride (CH 2-CF2). closely represents the actual condition of application. Well below
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Table 11. Normal Pyroelectrics (T < Tý)

Bias T, c' p fr tans Fr Fd
Material kV/cm OC J/cm3K gC/cm 2K cm 2/C (cm 3/J)I- Reference

Single crystals
TGS 0 49 2.3 0.028 38 0.01 3620 0.066 Herbert [ 161
DTGS 0 60 2.4 0.055 43 0.02 6020 0.083 Whatmore (Felix) [25]
ATGSAs 0 51 2.5 C.07 32 0.008 9900 0.19 Bhalla [38]
LiTaO, 0 665 3.2 0.18 43 0.003 1440 0.051 Byer 1351
LiNbO3  0 1210 3.0 0.083 28 0.005 1140 0.025 Byer 1351
SBN 46/54 0 132 2.1 0.043 380 0.003 610 0.065 Byer [35]
PGO:Ba 0 70 2.0 0.032 81 0.001 2200 0.19 Whatmore (Wanon) 1391

Ceramics
PLZT 7/65/35 0 150 2.6 0.13 1900 0.015 300 0.032 Liu [411
PLZT 8/65/35 0 105 2.6 0.18 4000 0.003 190 0.066 Deb 142]
PZNFTU 0 230 2.7 0.039 290 0.0031 570 0.052 Osbond [23]
PSZNFTU 0 170 2.7 0.049 400 0.0028 520 0.058 Osbond [231
PGO 0 178 2.6 0.002 25 0.003 350 0.009 Kanduser [43]

Polymerics
PVDF 0 none 2.4 0.0027 12 0.015 1040 0.009 Whatmore [391

Thin films
PbTiO 3 sol-gel 0 490 2.9 0.095 200 0.02 1870 0.056 Pola [28]
PLT 90/10 sputtered 0 330 3.2 0.065 200 0.006 1150 0.062 Takayama [44]
PCT 70/30 sputtered 0 270 3.3 0.05 390 0.015 440 0.021 Yamaka [451
PZT 54/46 sol-gel 0 380 3.1 0.07 950 0.016 260 0.019 Ye [281

Table II1. Phase Transition Materials (T = T, (0)

Bias T, c' P'ma, Er tans Fr Fd

Material kV/cm OC J/cm3K j±C/cm2K cm2/C (cm 3/J)'/l Reference

Single crystals
DTGFB 0 74 2.0 1.4 2400 0.02 3300 0.34 Dougherty [36]
KTN 67/33 2.5 4 3.7 8.0 25000 0.002 1000 0.46 Stafsudd 146]
BST 65/35 5 5 2.5 0.3 20000 0.007 170 0.034 Whatmore [39]

Ceramics
BST 67/33 1 21 3.2 23.0 31000 0.028 2700 0.84 This work
BST 67/33 2 22 3.2 6.3 33000 0.021 670 0.25 This work
BST 67/33 6 24 3.2 0.70 8800 0.004 280 0.12 This work
BST 65/35 40 29 2.5 0.10 1200 0.0013 380 0.11 Whatmore [391
PMN:La 90 40 3.0 0.085 1200 0.0008 800 0.10 Whatmore [39]
PScT 53 40 2.7 0.38 2900 0.0027 550 0.17 Shorrocks [47]
PZT 94/6' 0 50 2.6 0.37 300 0.02 5300 0.19 Lian [48]
PZNT 90/8/2" 0 30 2.6 0.185 290 0.019 2800 0.10 Takenaka [49]
PCT 70/30:PCoW 96/4 0 106 3.3 3.0 7400 0.037 1380 0.18 Deb [52]
PLZT 8/60/40 (sic) 0 142 3.7 3.2 16200 0.062 600 0.092 Deb [50]
PZN/BT/PT 80/10/10"* 0 12 2.7 5.93 4670 0.01 5310 1.08 Deb [51]
PZN/BT/PT 80/10/10 0 85 2.7 2.9 18300 0.018 660 0.20 Deb [51]

Thin films
PScT sputtered 40 40 2.7 0.52 6000 0.012 360 0.076 Watton [24]
PScT sol-gel -- 40 2.7 0.30 7000 0.002 180 0.10 Shorrocks [201
PScT MOCVD 20 40 2.7 0.08 1000 0.002 330 0.07 Ainger [53]
KTN metalorganic 30 40 3.7 20.0 1200 0.01 50000 5.0 Schubring [54] "pumped"

"rhombohedral-rhombohedral phase transition
"rhombohedral-tetragonal phase transition
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T, both methods yield the same values, but in the transition region. Barium Strontium Titanate
thermal hysteresis, differences in domain wall motion, or other
factors can lead to deviations. Byer-Roundy measurements are An initial comparison of BST, PMN and PScT 139] demon-
performed at constant dT/dt, whereas black body measurements strated slightly superior values of F, for lead scandium tantalate.
are nearly isothermal. It has been our observation for BST (Table BST also turns out to have relatively good responsivity under bias,
Ill and Figure 4) that the static Fd decreases with increasing dc however, and we have devoted significant effort to producing
bias. but the dynamic responsivity increases (Figure 5). Both ceramics with acceptable properties for utilization in infrared
itcasireelients tend to saturate at similar levels for sufficiently high imaging applications. Some of our results will be discussed here.
bias. It is not clear whether this is true for all materials, although
PScT appears to behave snimlarly 1571. The data presented should Typical dielectric constant and loss tangent, measured at I
therefore be viewed cautiously. kHz with a 50 mV oscillator level, for 99% dense BST w ith a

Curie point of 21 OC are displayed in Figure 3 as a function of bias
Lead scandium tantalate has been extensively studied both field and temperature. The test capacitors were thinned to approx-

in bulk ceramic fomi 1471 and as thin films made by sol-gel [201, imately 250 i.n, polished to I pm surface finish with alumina
MOCVD 1541 and sputtering [241 processes. At bias levels ca 40 powder and contacted with thick film Ag-Pd fired at 750 "C. Good
kV/cm, PScT appears to be an excellent candidate, and pni-thick dielectric slope and low loss tangent up to 14 kV/cmn suggest that
films have been prepared with F,1 approximately 60% of the bulk reasonable pyroelectric responsivity might be expected.
ceramnic value. Strong pyroelectricity associated with the low tem-
perature transitions of PZT 148-491 and PZN 150-521 has also been Simultaneous Byer-Roundy pyroelectric %.urment/dielectric
explored. Behavior of these materials under dc bias or in applica- property measurements yielded the values of F, and Fa that are
tions has not yet been reported. presented in Figure 4. In both cases the figures of merit are domi-

nated by the pyroelectric coefficient. They appear high at low bias
and decrease (to around 350 cm-/C for F,). saturating at 4 kV/cm
or so. Fd compares favorably with the values that have been re-

100000 ported for PScT.

The comparable dynamic measurements are displayed in
(a) Figure 5. It may be seen that voltage responsi, ity is initially low.

Zero bias but increases with applied voltage and levels off at approximately
the same figure of merit that is measured quasi-staticall, at high

N .. bias. Hybrid detectors and inmaging systents built from themi have
0 " been described by Hanson. et al 1561. The balance of this paper is

I IOO 'adapted from the latter work.

14 kV/cm Arra IFabricalion and Ihplemenlatiot

The process of manufacturing an uncooled focal plane
array (UFPA) begins with a stoichiometric boule of BST doped.

1000 compacted and sintered to optimize the microstructure and the
10 I 20 3'0 410 50 electrical properties. Slicing a boule yields UFPA-sized wafers

Temperature (C) that are ground and polished. After laser reticulation, the wafers

are etched to remove the slag. and subsequently annealed in 0, to
restore stoichiometry of the surface. The reticulated pixels are on

0.100) I(48.5 pm centers, and the kerf is approximately 10 pm. Deposition
of a parylene backfill. replanarization of the reticulated surface.

(b) and application of a common electrode and resonant-cavity IR
----.... .-. absorber finishes the processing of the IR-sensitive side of the

Zero bias ferroelectric material. The IR absorber provides better than 90%
2

average absorption over the 7.5 to 13.0 pin spectral region.
00 0 4Mounting the slice to a carrier, optical-side down, facilitates final

0.0 Io:thinning and polishing. The finished device is about 25 pm thick.

.6 Application of contact metal and removal of the parylene backfill
10 completes the pixel array in preparation for hybridization.

"Meanwhile, fabrication of miniature organic mesas (with ovet-the-
14 kV/cm edge metallization) on the readout IC provides the mating part.

Mating of the two parts by compression bonding prepares them for
O.()I 10 20 30 40 50 packaging and final test. The finished device is an array of

Temperature (C) 245 x 328 pixels.

The readout IC is a CMOS device fabricated using a pro-
cess capable of 0.8 pm design rules. The unit cell contains a high-
pass filter, a gain stage, a tunable low-pass filter, a buffer, and an

Figure 3. Dielectric constant (a) and loss tangent (b) for BST. address switch. The high-pass filter consists of the capacitance of
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_(_X) ....... . .. . . .cell current source. A n offt-.hip ý,oltage determin ees the current
QOO ()lev el and hence the resistance, and so tile filter is tunable [he

Bias = I kV/cm high-pass capacitor is actuaI, tile gate of an MOS transistor biased
< 8) to accumulation The unitY-gain output buffer pro% ides the abilIt
E 7(X) to dri- e the relatively high capacitance load of the kolunui address
S6(8). 2 kV/cm lines and column amplifiers.

>,5(K)

"""3 "The array implemeitation of the unit .ells ý F-gure 61 is
= 4(H) standard. A row-address shift registet addresses each ross sequen-

3(H) 4 tiallv. The addressed row is activated by turning on all the unit-

, 20(X cell switches in that row This connects the pixel buffer outputs in
that row to column-address lines. At the end of the column-ad-

n I (1!) dress lines are amplifiers, one for each column, having a gain of

0, 1i W 2'0 2'1 2 23 24 25 1.8. The outputs of the amplifiers feed a multiplexer that provides

Temperature (C) sequential external access to the outputs Thus the array output is
compatible with standard television formatting. The array mounts
onto a single-stage thermoelectric cooler for stabilization near the

I).30 - ~ferroelectric phase transition Tile ceramic DIP array package

(hi Bias = I kV/cm measures 25 mni x 24 nun x 6, in thick, and has 40 pins. Aln anti-
0.25- reflection coated germanium windoss covers the packages and

• .2allows IR transmission in the 7.5 to 13 pim spectral band< 2 kV/(:n-

3 CAny real device implementation includes circuit elements

m 0.15 that introduce parasitic capacitance. This results in a responsivaty
>- 4 attenuation factor of:

o A, = C(CdA + Cp) (19)

" 0.05
where Ca is the detector capacitance and Cr is the parasitic ca-

" ___0.0____7_,_,__ pacitance. For this reason it is desirable to select as the pyroelec-
17 19 20 21 22 23 24 25 tric material one having a permittivity sufficiently high that the

Temperature (C) factor A, does not significantly degrade responsivity. Because the

application of an electric field suppresses the permittivitN and

therefore Ca. the field has the added effect of decreasing A, as the
Figure 4. Byer-Roundy Figures of Merit F,. (a) and Fb (bi for BST. applied field increases. This effect is especially important when the

[he poling voltage is the svane as the biasing voltage, parasitic capacitance is high, such as for area arrays addressed by

only a switch at each pixel site. It is less important if the readout

IC contains a preamplifier or buffer at each pixel, thereby reducing

350 -- line length and parasitic capacitance. If the parasitic capacitance
S.appears mainly as a feedback capacitance in the preanplifier. then

r 3(X)I the A, tenii is less relevant because it multiplies the preamplifier
<25( noise as well. A readout IC has been implemented in which this
' latter condition prevails. In spite of this. the parasitic capactiance

,>L 2(X) places anl upper limit on the useful magnitude of the applied field

150

-, ' 
_CO UMN MULTIPI EXER Video

dO output0,Read /I A o ,
0 2 -4 -6 2 fO

Bias field, kV/cm

IwI I. I T

Figure 5. Maximum black body (490 "C) response of a 50 l1m 1 " . /.

thick sample of BST at a chopper frequency of 40 Hz. 0 2 , , h

The poling voltage is the same as the biasing voltage. _,

the !etector itself and a feedback resistor fabricated by deposition Detector L • { I -. ,
of a high sheet resistance material. The feedback resistance is Matenal-.L . - _ -
between 1011 and 1012 Q which, when attenuated by the Miller ef- -

fect for an open-loop preamplifier gain of 200, gives a characteris-
tic frequency of about 10 Hz for the high-pass filter. The pream-
plifier is a simple CMOS inverter. The low-pass filter resistance is
actually a diode whose effective impedance is controlled by an in- Figure 6. Array implementation of readout IC unit cells 1561
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System Operation HMOstf) = 2 sin otf/ 2f, (20)

Operation of our uncooled sensor is best described in con- where f is the signal frequency and f is the chopping frequency.

junction with the system block diagram in Figure 7. The IR lens, This has the added effect of totally removing offset non-unifonrm-

typicallyf/l.0 with a focal length of about 100 rim, forms an IR ties. Prior to analog conversion and RS170t foimatting, a gmin

image on the focal plane array. The chopper periodically interrupts word multiplies the value of each pixel to compensate for gain

the optical beam. The chopper is an anti-reflection coated german- ii01i-uniformities, and a digital addey sets o erall brightness The

ium wheel (Figure 8) with alternating planar and binary diffractive resulting image is uniform to within about I 5'- The data is then

optic (BDO) regions. The BDO regions diffuse transmitted IR ready for display and viewing on either an internal or external

radiation so that the entire array is flooded with approximately the monitor. An exanmple of an infrared image is shown in Figure 9

scene-average radiation (actually, local scene average, because the
diffuser is not perfectly Lambertian). The planar regions faithfully
transmit the image to the array. The shape of the chopper pattern
is an Archimedes' spiral designed to best approximate a vertically - . -

traveling chopper. The "open" phase of the chopper occurs for a •.
given pixel when that pixel receives radiation through the planar
par, of the chopper. the "closed" phase occurs when the image is
diffused by the BDO pattern. The chopper rotates at 30 cycles per
second, so that the chop rate is 30 Hz for each line.

The action of the chopper modulates the incident radiation
between the field-of-view of the pixels and the "scene average.
The temperature of each pixel rises and falls accordingly and
generates a signal by virtue of its pyroelectric response. The
readout IC filters, amplifies, samples and multiplexes the detector
signals, one row at a time, and delivers the output at standard
RS170 rates. The samples occur immediately prior to opening the
chopper in one field and immediately prior to closing the chopper
in the next field. The output of each pixel is ac coupled, and so,
for a static scene, the fields are identical but of opposite polarity.
An off-focal-plane high-pass filter at the multiplexer output
removes any distracting artifacts that may result from temperature
or bias drift. After a gain stage of between 2x and 4x, a 6-bit Figure 8. Germanium chopper, showing refractive design (left)
analog offset correction removes gross offset non-uniformities. and equivalent diffractive (BDO) design 1561

F-eid Fed
1 8 Sistem Performance

' 8
Y These systems have significantly advanced the state of the

7c0"I Atemal art in sensitivity and resolution of small. lightweight, uncooled
Lq mrc.•oni lmn thermal imaging systems. An array-average noise-equivalent tem-

V ,• perature difference (NETD) of 0.070 (C with f/11.0 optics has been
G, _ a , Gain demonstrated. This number improves by about 10% when correct-

2 LC_ ed for vignetting of the test optics. Typical devices have an NETD

of about 0.08 OC. Design and fabrication improvements now
H h.Pass Boghtnm underway should improve the NETD to about 0.05 '1C.

Fi [ Conmo

DA 8s Three independent noise sources combine to limit the

-R ,- .E present sensitivity. These are temperature fluctuation noise, dielec-
_ j tric loss noise, and preamplifier noise, in order of descending

magnitude (although there is not much difference among them).
Other noise sources are negligible. All three noise sources are
filtered by the preamplifier and the subsequent field-differencing
(or CDS) operation. The CDS filter is especially important be-

Figure 7. System block diagram (561. cause it strongly attenuates the low-frequency comnponents of
dielectric-loss noise and preamplifier noise, both of which are 1/f
in nature. Because the output is the difference between signals

At this point in the processing chain an external contrast from two fields, any noise components that are coherent over the
setting determines overall gain. As the system converts the video field time interval (e.g., low-frequency noise) are suppressed.
field to 8-bit digital data, the corresponding pixel data stored from
the previous field is retrieved, replaced with the present data, and The bandwidth of temperature-fluctuation noise is naturally
the previous data is subtracted from the present data. Thus, the net limited by the detector thermal time constant, but the electric filters
output is the difference between samples taken with the chopper provide further attenuation. The effect of the characteristic fre-
open and with the chopper closed. On alternate fields the system quencies of these filters on the signal is minimal. In fact, the CDS
changes the sign of the result to maintain consistent polarity from filter, as evident from equation 20. doubles the signal while in-
field to field. This field-differencing operation is equivalent to that creasing white noise by a factor of only <2• and decreasing 1/f
of a correlated double sampler (CDS), and it adds a filter to the noise. Thus it improves the signal to noise ratio by more than a
signal and noise data path. The filter transfer function is: factor of <2.
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PYROELECTRIC AND ELECTRO-OPTIC PROPERTIES OF SOL-GEL AND DUAL
ION BEAM SPUTTERED PLZT THIN FILMS

D.A. Tossell, J.S. Obhi, N.M. Shorrocks, A. Patel and R.W .Whatnmore
GEC- Marconi Materials Technology Lid

Caswell, Towcester
Northants, NNI2 8EQ, UK

Abstract terroelectmc memories, but good pyroelectric properties have also
been reported 151. Of the Pb-La-Ti-0 based materials, (0/0/1(X)) and

Thin films of several compositions within the PILZT (7/0/1(X)) have been reported as having favourable properties in thin
system have been deposited onto sapphire, MgO. silicon and fused film form for pyroelectric detection 161 and (28/0/1(X)) similarly for
silica substrates using sol-gel and dual ion beam sputtering (DIBS) applications requiring a quadratic electro-optic response 171. hbe
Using a standard solution preparation route filns of composition absence of lanthanum or zirconate from these comrVo:sitions eases the
PL'/T ((V50/50/ and PL.ZT (0/30/70) were spin coated onto problems associated with stoichiometric control of the films
electroded substrates and fired at temperatures up to 7(X)C. In particularly for the complex I)IBS process. In addition, the prime
addition, a modified solution gave good quality peromskite films at ferroelectric memory application of the Pb-Zr-Ti-0 films does not
450'C after only 2 minutes firing time. Pvroelectric coefficients of benefit greatly from lanthanum doping.
I(X) and 4(X) pCm-2K-I and figures of merit 1.5-2.2 x 10SPa-) 5 The sol gel process is a metal organic processing route
were obtained for the t0/30/70) and (0/50/50) compositions that can be adapted to give thin filins, bulk monoliths or powders by
respettively. The DIBS process produced good quality oriented direct precipitation. Sinplicity, stoichiometric control and low cost

perovskite films for substrate temperatures in the range 550-7(X) (C are the primarily advantages of the technique. Due to the wide range
The stoichiometrv was controlled by sputtering from an adjustable of available metallorganic starting materials, it is relatively easy to
composite metal/ceramic target and by bombarding the growing film vary compositions and to ob;ain complex oxide materials,. in a
with a low energy oxygen ion beam. Transparent films of the cubic previous paper [41, the application of sol-gel to the fabrication of

paraelectric composition PLZT t28/0/l(X)' -vere found to have a high filt,.s of lead scandium tantalate (PSTI and lead titanate has been

reflected-mode quadratic electro-optic coefficient of 2. 1 x 10- described. This paper details the adaption of the method to films in

ti2/V2althouh no response could be detectd in a tn the Pb-Zr-Ti-O system.
although Ion and multiple ion beam deposition techniques have

mode. Films of the tetragonal ferroelectric compositions PLZT been d,'monstrated to produce dense films with enhanced optical and
(0/0/1(X)) and (7/0/100) were deposited onto electroded substrates mechanical properties [11. The primary advantage over competing
and gave pyroclectnc coefficients in the range 50-4WX) PCm 2 K-I PVD processes lies in the independent control that can be exercised
and a figure-of-merit of order 2.6 x 10-5Pa-0.5. The PLZT over the energy and flux of the ions used for both sputtering of the
(28/)/1(X)) films suffered from an intrinsic space charging effect that target and bombarding of the depositing film. In conventional RF
limited responsivity whereas the ferroelectnc compositions suffered sputtering, and indeed the more complex transient laser ablation
only from extrinsic problems such as electrode blistering and methods, little direct control can be exercised over the wide
pinholing. The results reported here are encouraging with respect to distribution of particle energies in the plasma, which militates
the goal of fully integrated uncooled IR detector elements on .ilicon against controlled bombardment of the growing film. Controlled
readout circuiutry bombardment has been shown 191 to increase adatom mobility

providing extra energy to supplement thermal energy and reduce the
Introduction crystallisation temperature. The isolation of the plasma in the ion

gun body not only removes a source of uncontrolled bombardment
Ferroelectric materials such as lead titanate, lead but also allows a lower process pressure since the guns act as gas

zirconate titanate (P'ZT) and lead scandium tantalate (PST) are useful baffles. These characteristics result in a high degree of process
for a wide range of electronic device applications. In particular the control and flexibilitv and a number of research groups are now
quanernary solid solution of PLZT (x, y, z) applying ion beam tec'hniques to ferroelectric thin film fabrication

19-11.
Pbt . 2 L-a,(Zr,.Ti,)o (I Experimental Procedure

is a well known ferroelectric material that exhibits piezoelectric. DIBS Deposition System
pyroclectric, linear and quadratic electro-optic properties depending
on the composition I 11. The direct integration of these materials in The Nordiko 3450 dual ion beam sputtering (DIBS)
thin film form onto semiconducting substrates would yield system is composed of a cryo and turbomolecular pumped chamber.
significant advantages in terms of increased speed, reduced voltages base pressure 5 x 10-storr, a target turret, an 8(X) 0C rotating heater
and enhanced response. Further, circumventing the laborious platen and two l(XImm diameter ion guns, Figure 1. The ion gun
procedures of bulk ceramic processing and the cutting, polishing plasmas are driven by RF (I13.56MHz) and represent a significant
and assembly of delicate ceramic wafers into hybrid electronic
devices would be a cost effective step. However, the high
temperature necessary for the formation of the ferroelectric Two coour

I R Fibre

perovskite phase, coupled with the complex stoichiometry has made Pyrometer

this a difficult goal to achieve. At present, a wide variety of thin _

film synthesis techniques, including MOCVD, sol-gel, RF [Focussed HRgh Energy - - '
magnetron and ion beam sputtering, and laser ablation are subject to R - on beam .-
intensive research 121. This activity is largely due to the interest in .- 02

non-volatile radiation hard memories, although there are other 0, # Lowe

important applications for these films in piezoelectric. pyroelectric Ar VD'utrze- Dfuse Low Energy

and electro-optic devices. Ar or R F
At Caswell. there is an established and ongoing effort Kr ubact,ant ,

directed at the commercial development of piezoelectric, electro-optic I bHeater ; e

and pyroelectric 131 devices based on bulk ferroelectric ceramic and Neutrahzer
composite components. In the area of thin films, sol-gel 141 and
dual ion beam sputtering (DIBS) are under active development. In
this paper, films of composition PL.ZT (0/50/50) and (0/30/70) have Turbmolecuiar Cryopump
been deposited by sol-gel, and films of (0/0/1(X)) tie, pure lead Pump

titanate), (7/0/100) and (28/0/100) by DIBS. The prima:' Figure I Schematic diagram of Dual Ion Beam Sputtering
application of the first two Pb-Zr-Ti-O based compositions is for System.

CH13080-0-7803-(0465-9/92$3.(t•- -'[IEE- 1



step forward from the more comnmon thermal plasma driven A,-o Pme
Kaufman-type sources. The RF driven guns obviate the need for a \4
hot filament and have been found to run continuously for many
hundreds of hours in pure oxygen without attention. In addition,
the elimination of the thermal plasma has resulted in much cooler , ......
operating conditions within the system as the RF plasmas typically E al
only require 100W input power to sustain the discharge. The
chamber is also fitted with two filamentless electron sources for
beam neutralisation and two faraday cups for the measurement of
beam current density. A two colour IR fibre pyrometer allows
accurate measurement of the substrate surface temperature.

Generally, a high energy argon or krypton ion beam in
the range 600-700eV, 80- 100mA and beam current density (BCD) Ageing EttCe

l-5mA/cm2 was used to sputter material from a target while the
substrate was immersed in a pure oxygen ion beam of 0-100eV, 0- , ,r
40mA and BCD 0-0.2mA/cm 2 . More energetic ion beams were
used to clean the target and substrate prior to film growth. A sotar
neutralization level of 110% of the ion beam current ensured stability
during the deposition of electrically insulating films. Deposition
pressure was typically 10-4torr.

PLZT Film Deposition Figure 3 Schematic of target ageing effect.

DIBS: For PLZT deposition, two adjustable composite due to the combination of high temperatures and sputtering by the
target types have been developed as depicted in Figure 2. In the secondary ion bombardment, so lead constituted an ideal choice.
first, pieces of titanium metal and PLZT ceramic were bolted to a Careful cleaning of the heater platen ensured that the lead film Wetted
copper backing plate through a lead sheet using high purity titanium the platen surface at high temperatures. Removal of the lead after
bolts. Two problems were encountered with this design in that the deposition was achieved by masking the PLZT film and immersing
metallic lead was found to age rapidly making consistent in a mild HCI/HF acid solution.
stoichiometric control difficult, Figure 3, and that high energy Some films were subsequently annealed under varying
neutrals reflected from the target impinged damagingly on the conditions to induce or improve the perovskite phase.
depositing film. To overcome this, the second target type, Figure
2(b), composed of lead oxide secured on a titanium plate, was Sol-Gel: There are a wide variety of metal compound.,
developed and the sputtering gas switched from argon to krypton. available for incorporation into the initial stock solution. Of these.
The energy of krypton neutrals reflected from the target is reduced the most popular are the metal alkoxides (M-OR), where R = alkyl
since the atomic weights are more closely matched and the absence group. In this study, titanium n-butoxide (Ti(OBun) 4W and
of metallic lead eliminated target ageing anomalies, zirconium n-butoxide butanol complex were chosen along with lead

Double polished fused silica and (1102) sapphire were (II) acetate (Pb(02CCH3)2.3H20. Before reaction, all the precursor.,
used as substrates for the electro-optic PLZT composition. Single were tested using a thermogravimetric analyser to determine the
polished (100) silicon, (1102) sapphire and (100) MgO with an e- oxide yield. A typical solution was then prepared according to the
beam deposited titanium/platinum electrode structure of thicknesses scheme:
150A/2000A were used for the pyroelectric films. All substrates
were cleaned in organic solvents, deionized water and dry nitrogen
prior to use. It was found that uniform heating of the substrate was Pb(O 2CCH.).3H20
much more difficult for double polished st,bstrates than for single
polished. The reasons for this have not been fully determined but it CH 3 0CH.2 CH.2OH (2 Methoxyetharol)
seems likely that the good IR transmission of the double polished Dehydrate at 124'C
substrates, or the difficulty of making good thermal contact onto the coot
heater platen, were to blame. Also, the IR pyrometer revealed a PbO 2 CCH3 )(OC 2 HOCH3 ). xH20 where x

temperature differential of order I(X) 0C between the substrate and the
platen, indicating poor thermal contact. To counter this substrates Zr(OBun),.BuOH I- -- Ti(OBuV).
were sealed to the platen by thermally evaporated or sputtered Heat to 124'C. remove volaile alkyl aatatas
indium and lead films. Ultimately it was found that the films and cod. ooncentrate to requied concenraboon
became contaminated by an alien element used for sealing, possibly PZT DelosionSolion

Titanium Plate Ttanum Dsc Using this basic route, solution compositions of PLZT
Ion Ion Beam (0/50/50) and (0/30/70) were prepared. Some solutions were

Lead Disc _Etch ProNBea Etch Profile further modified by adding acetylacetone in 2-methoxyethanol; this
.. Et Profie []- •_• influenced the solution drying characteristics. Films were deposited

/ by spin coating at 2000rpm for 30 seconds onto sapphire substrates
/coated with a titanium (IOOA)/platinum (1500A) electrode. After

/E" one or two layers the film was baked for two minutes on a hot plate
L / [J\ in the range 170-400'C prior to the deposition of further layers.

Ultimately, the entire assembly was fired at 450'C on a hotplate forLj JL•j two minutes or at 700'C in a tube furnace for 1-2 hours.

General Structure and Composition of DIBS Films

.ta..mL a Bolt Ld iGenerally, most PVD deposition processes produceTitan,um Bolt-- " PLT T~tanum Boll - Lead Oxide or
Ceramic PLZT Ceramic amorphous PLZT films up to 450'C, the pyrochlore phase between

450-500'C, the perovskite phase for the range 500-6(X)rC and the
lead deficient films above 650'C; in the 500-550'C regimne. there

Figure 2 Typical target configurations for (i) metallic lead exists a transitional mixed pyrochlore/perovskite structure. In the
based target and (ii) lead oxide based target. present study, use of the system in a single ion beam sputter (IBS
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mode with merely molecular oxygen flowing through the secondary factor was uniformity of heating; films deposited onto cold
ion gun could not produce any perovskite material. Up to 500'C the substrates were uniform to 2,% beyond 75mm. In all cases, use of
films remained amorphous and beyond this temperature rapidly the PLZT/PbO/Ti based target, Figure 2(ii), gave greater uniformity
became lead deficient. By generating an oxygen plasma in the and repeatability from run to run. Growth rates varied from 0.076
secondary ion gun whilst keeping all other system parameters to 0.35p1m/hour for in-situ grown perovskite films. The use of fully
identical resulted in complete retention of lead in the films, even in metallic Pb/Ti targets and argon gave the slowest rate, whereas
excess of 700'C; under IBS conditions this latter temperature ceramic PLZT/PbO/Ti targets and krypton gave the fastest. This was
resulted in a purely TiO2 (rutile structure) film. It is intriguing that surprising in view of the known relative sputtering rates of of these
the generation of an oxygen plasma seemed to be the critical factor in elements in their metallic and oxide ceramic states. Amorphous
this effect; drawing an ton beam from the gun so as to bombard the films could be grown at rates in excess of 0.5p.m/hour, but this
growing film had little further effect on the film for energies up to needed to be offset against the required annealing time and final filn
100eV. The generation of the ion beam did result in films with a quality.
slightly higher refractive index, indicating a higher density, but in all
other respects they were identical to those grown with only an PLZT (28/0/100) Films
oxygen plasma present. Energies in excess of 100eV were
detrimental to the film growth rate and gave no discernable Structure: PLZT (28/0/100) films on fused silica sAere
advantage in terms of properties. It is apparent that the presence of found to suffer from excessive cracking and delamination in contrast
active oxygen was the key element in enhancing the sticking to the results of Mukherjee et al 1121. To investigate this the further
coefficient of Pb and also, perhaps, that the oxygen plasma to thermal expansion coefficient of a 100% dense PLZT (28/0/100)
substrate separation was considerably less than the mean free path at ceramic was determined via dilatometer techniques over the range
the deposition pressure. Th;s implies active species such as 02+, 0+ 25-500'C and is shown in Figure 4. The overall expansion is large
and 0 reach the substrate unimpeded. Probing of the region between compared with fused silica (ct typically 0.5 x 10-6 K-0) and other
the plasma and the substrate with the faraday cup did not indicate PLZT compositions Il ] and displays a distinct change at 350'C of
any spontaneous beam generation although this does not rule out a unknown origin. It is likely that the discrepancy in film integrity on
self-neutralising beam. Given these observations a bombarding fused silica is related to intrinsic growth stress which may offset
oxygen ion beam of 100eV and BCD of 0.13mA/cm 2 was used as thermal expansion stresses and can differ widely between deposition
standard since this gave the highest refractive index for PLZT techniques (and systems).
(28/0/100) films without limiting the growth rate. In the DIBS The effect of La doping on lead titanate is to reduce the
mode, the PLZT films were found to be amorphous up to 5000 C, tetragonality at a given temperature and for PLZT (28/0/100) the
above which perovskite peaks began to appear in the X-ray structure remains cubic at room temperature. Figure 5(i) shows an
diffraction (XRD) spectra, and were single phase perovskite at or XRD pattern for randomly orientated polycrystalline PLZT
above 600'C. Against expectation, it has not been found that (28/0/100) ceramic. Figure 5(ii), (iii) and (iv) show XRD spectra
concurrent oxygen ion bombardment lowers the perovskite for (100), (110) and (11) orientated Ilim thick films grown under
crystallisation temperature, indeed there is evidence to suggest it is near identical conditions onto (1102) sapphire. The orientation
raised by a small increment. However, bombardment does create an
extended temperature window within which the perovskite phase
dominates, as well as giving denser films. W

In addition to the substrate temperature and oxygen ion [ 6 -;
bombardment, the third dominant parameter controlling the lead 0 - N
content of the films was the target configuration. Even with L -'-

concurrent oxygen ion bombardment, the volatility of Pb and PbO at A A

elevated temperatures in a vacuum environment is still high. For
example, to form stoichiometric iead titanate (PbTi0 3) at 6000C
required a metallic Pb/Ti target that gave a 9:1 Pb:Ti incident atomic
flux on the substrate (as measured cold) was required.

For lanthanum-doped films it was found *hat an increase
in the dopant level occurred between the target and the film. A .
metallic lead/PI.ZT (28/0/100) target gave PLZT (35-40/0/100)
films. Extra titanium on the target or a lesser La doped target
ceramic were used to correct this problem.

Uniformity of film thickness and composition of 2% 20.0 40.0 60 0
over 50mnm has been achieved for both types of film. The limiting __

C

, F

25 - 350 9.
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Figure 5 X-ray diffraction traces of (i) PLZT (28/0/100) ceramic
Figure 4 Thermal expansion of PLZT (28/0/100) ceramic. and (ii)-(iv) PLZT (28/0/100) films on (1102) sapphire.
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behaviour is complex; there is some critical process parameter that Wavelength (nm)
controls the resultant film orientation which remains to be identified.
Figure 6 shows a cross-sectional TEM of a (100) PLZT (28/0/100)
film. The grain structure is columnar, of diameter 0.51pm and Figure 7 UV/visible transmittance specta of as-deposited and
individual grains traverse the complete ll.tm thickness of the film. annealed perovskite PLZT (28/0/100) films.

Amorphous PLZT (28/0/100) films deposited below
500'C transformed readily to perovskite on annealirg ,bove 550'C
in a tube furnace in static air or flowing oxygen. However, the
orientation was random and the films were prone to suffer from iii) reflected surface changes due to an applied electric
cracking, even for long heating and cooling cycles, field using a white light interferometer (WYKO)

instrument.
Electrical, Optical and Electro-Optic Film Properties:

Figure 7 shows I jV/visible transmittance spectra of as-deposited and In all cases, no electro-optic responses were observed
annealed perovskite PLZT (28/0/100) films, each of thickness lpm. from films formed using the annealing approach. For in-situ
The in-situ film has superior transmission properties and a refractive deposited films large quadratic responses were observed usi.g
index of 2.50. The annealed film is less transparent with an index method (iii) but these could not be duplicated using either of the
of 2.45 and a secondary transmittance envelop superimposed onto transmission mode methods. Figure 8 shows the reflected phase
the interference fringing. Numerical modelling has shown this to be response of a ljpm thick 90% (100) orientated PLZT (28/10/100)
consistent with a decreasing refractive index at the top surface of the
film as depicted in Figure 7(ii). This implies incomplete
crystallisation and/or stoichiometric deviations during the anneal
cycle; extended annealing did not eliminate this phenormenon. NO FIELD

Electrical properties of some films were probed using
Cr/Au interdigitated electrodes (IDEs) defined on the top surface
using photolithographic techniques. The frequency was varied from
30Hz to 300kHz using a peak field of 9kV/m and dc bias fields up ELECTRODE
to 5V/lm. A (I 11) orientated in-situ PLZT (28/0/100) film gave a
dielectric constant in excess of 1500 and a loss of 0.16%. Similarly
an annealed randomly orientated PLZT (28/0/100) film gave values " APPLIED FIELD
of 500 and 0.10%. These values remained constant within 1% E
across the frequency range and also varied little with temperature
variations of a few tens of degrees either side of room temperature. a

This is consistent with a diffuse ferroelectric/paraelec,,i¢ transition t5 PhaseS• • Change
with a Curie temperature of order 25'C [7]. It is likely that the lower a,

values obtained for the annealed films was due to a low dielectric _-

surface layer as evidenced by the optical transmission FIELD REMOVED
measurements.

Electro-optic measurements were made in the transverse
mode using IDE's to apply the field and viewing between the
electrode fingers. Three approaches were used to probe for electro-
optic activity:

Residual Birefringence

i) movement of white light interference fringes formed in a Distance
transmission mode on the application of an electric field,

ii) variations in transmitted intensity of a He-Ne laser for a
film placed between crossed polarizers and under a Figure 8 Reflected mode electro-optic response of a PLZT
varying electric field, (28/0/100) film.
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Figure 9 Reflected mode field dependent phase response of a
PLZT (28/0/100) film.

film. On application of an electric field, the average relative phase 06)

heights of the film and Cr/Au clectrode change and large peaks 0
develop adjacent to the electrode edges. On removal of the field the [ <
original state was not fully recovered and remanent polarization 1). ,1A
remains. Reversal of the applied field did not alter the profiles in 20.0 40.0 60.0
Figure 8 so the effect did not have a linear component attributable to
piezoelectric or linear electro-optic effects. This is confirmed by the 20 Degrees
quadratic phase to field dependency shown in Figure 9. By
attributing the average phase change entirely to a refractive index
variation, An, a value for the quadratic electro-optic coefficient R Figure 10 X-ray diffraction traces of lead titanate (PLZT /0/100)
could be derived from films on (i) silicon, (ii) sapphire and (iii) MgO

substrates.

An = 0.5n 3RE2  (2)

where n = 2.60. This gives R = 2.10 x 10-16m 2/V 2 which is large purposes which implies that for integrated devices on silicon, some
compared to other reported values of 0.6-1.0 x 10- 16m 2/V 2 [7, method of repoling the film will be necessary. Inserting a barrier
12,13]. However, it is likely a significant proportion of the layer, such as amorphous alumina, between the silicon and the
observed phase change is due to a physical electrostrictive surface electrode has been found to force the orientation back towards (001)
deformation. Given this value for R a transmitted interference peak giving a similar structure to that on sapphire. Work is continuing on
shift in excess of 4nm should have been observed in transmission. barrier layers and also to minimise the deposition temperature thus
This was well within the resolution of the optical system. Similarly, limiting the thermal mismatch stress that opposes repoling to the
a readily detectable intensity change should have occurred for the (001) state.
laser and crossed polarizer method. The cause of this discrepancy is Figure 11 shows a SEM image of a lead titanate film on
not clear, but it is possible that the electro-optic and electrostrictive silicon. The grain size is of order 0.75g.m and is less columnar than

that for PLZT (28/0/100) although single grains do traverse the
responses are working in opposite senses such that An and At cancel entire film for thicknesses around I urm. Also shown in this picture
leaving the film with an identical optical thickness.

Also of concern are the peak phase changes adjacent to
the electrode edges and the remanent polarization after the removal
of the electric field. These are attributed to space charging within the
film or at the film/electrode interface. The trapped charge screens
the applied electric field and mitigates any electro-active material
response. Space charge effects have been regularly observed in
bulk ceramic materials at Caswell and are relk-zed to structural
defects, particularly at the grain boundaries. In z t~ii film where the
crystallisation and stoichiometry may well not be :s c,:visistent as in
a sintered ceramic, space charge constitutes a seriov,._ problem. It is
apparent that any thin film deposition process needs to be optimisedto produce homogenous films for the device potential to be fully
exploited.

PLZT (010/100) and (10101100) Films

Structure: Figure 10 shows XRD spectra of 1pm thick
lead titanate films on silicon, sapphire and MgO substrates. As a
general result, it was found that films crystallised more readily on
the Pt/Ti electrode than the bare substrate and that the Pt itself took
up a highly preferred (11) orientation during PLZT deposition.
The orientation of the film was found to be a strong function of the
thermal expansion coefficient of the substrate. The low coefficient
of silicon (3 x 10-6K-1) places the film in tension on cooling and at
the cubic-tetragonal phase change confines the longer (001) c axis to 0 5p
the plane of the substrate giving a (100) film orientation. For MgO
(14 x 10-6K-I) the opposite occurs giving a (001) film and for
sapphire (7.5 x 10-6K-1) a mixed (100)/(001) orientation results. A
(001) orientation would be most beneficial for pyroelectric detection Figure 11 Normal incidence SEM of a lead titanate film.
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Figure 14 X-ray diffraction traces of (i) PLZT (0/50/50) and (ii)
PLUT (0/30/70) films.

did not result in any change in X-ray peak intensities. This is a
significant result with respect to processing time and integration onto
silicon devices where thermal loading is critical. SEM examination
of several films showed a variety of morphologies from the 'rosette
type' features, Figure 15(a) to a finer hillock type structure, Figure
15(b). Film morphology is still under investigation and seems to be
critically dependent on tile structure and history of the electrode as
found by other workers 1 141. 2ptm

Electric and Pyroelectric Properties: A 0.45ltm thick (b)

PLZT (0/50/50) film gave a relative permittivity of 800, a loss (at Figure 15 SEM images of(i) 'rosette type structure, and tii)
Ikltz) of 3.4/( and a pyroelectric coefficient of 100liCmn2K-I in an 'hillock' type structure in PIZT (0/50/50) sol-gel films
unpoled state. Poling at 5kV/mm improved the permittivity to 910
and the pyroelectric coefficient to 4001Cmn2K-I giving a figure-of- during film deposition. The elegant work of Ye et al 11 using
merit of 2.2 x 10Pa.0-5. A 0.441tm thick film of PLZT (0/30/70) polysilicon bridge structures, effectively making the barrier layer air,
gave respective prepoling values of 350, 3.6%, 40pCm-2 K-1 has demonstrated the remarkable responsivity attainable from an
and 0.35 x 10-5Pa-0.

5 but failed on poling. The film manufactured integrated structure. A similar approach is under active investigation
using only a 450'C hotplate bake suffered from a high pinhole at Caswell.
density indicating the need to further improve the deposition
process. Conclusions

Discussion The deposition of ferroelectric films using sol gel and
dual ion beam sputtering has been demonstrated. In the DIBS

The advantages of ion beam sputtering over the process, the presence of active oxygen has been found to be
competing PVD techniques of RF magnetron sputtering and laser essential to the formation of perovskite PLZT films. Electro-optic
ablation are well documented for conventional dielectric materials and pyroelectric effects have been observed in these films. A large
181. At present these advantages have not been fully repeated for quadratic electro-optic coefficient of 2.1 x 1t-16hm 2/\V2 vwas
PUTZ film deposition. However the films produced in this work observed in reflection mode for PLZT (28A,)/100, but this could not
and by other workers 18-101 are now matching those produced by be repeated in a transmission mode, presumably becau.se
conventional sputtering in which there has been, and still is, birefringence and thickness changes work in opposite senses. Peak
considerable activity. However, whereas there now exists limited pyroelectric coefficients of 4(X)pCn-2K-1 have been observed for
development potential for RF sputtering there remains considerable PLZT (0/0/100) and (7/0/1M0) films. Sol-gel has produced PI.ZT
scope for improving ion beam methods. Comparison with laser (0/50/50) and (0/30/70) films with similar properties and has shown
ablation is more difficult since this itself is a new and rapidly the potential for film formation at temperatures as low as 450-C.
developing technique, although it is without dispute that an ion beam
process will ultimately offer superior process control. The inherent
simplicity and stoichiometry control offered by sol-gel methods
make this a seriowz cuo)iidcr for thin film multicomponent oxides
such as PLZT. In particular, the optimisation of a process Ferroelectr,c materal lop elc!,ode
requiring a maximum temperature of 450'C for short periods of time/
would be a major advantage for integration onto CMOS silicon. The Glass Boto,1 electroce
drawback of the repetitive, tedious nature and slow deposition rate Insulalor
of sol-gel requires automnation of the process and this is under active .. ab --- .. -

development at Caswell. The potential of sol-gel has been
demonstrated by Ye et al [51 who have attained pyroelectric
coefficients of I (XX)pCm- 2K- I for lead titanate films.

The prospects for the production of integrated SlIcon readoutcircmI,
pyroelectric IR detectors using PLZT seem brighter than those for
thin film electro-optic devices, at least in the short term. The extra /
constraints imposed by the optical requirements make device quality
PLZ'F films more difficult to produce. Figure 16 shows a schematic Thermal fnsulator

of an integrated detector element. The nature of the thermal insulator
is a point of discussion. This layer has to allow for the correct
orientation of lead titanate, provide a thermal barrier to enhance
element responsivity and also perhaps protect the silicon devices Figure 16 Integrated thermal detector element.
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The prospects for fully integrated pyroelectric detector elements on [71 H. Adachi, T. Misuva, 0. Yamazaki and K. Wasa.
silicon in the near future are good and the DIBS and sol-gel 'Ferroelectric (PbLa)XZrTi 0, Epitaxial Thin Films on
processes have considerable development potential with respect to Sapphire Grown by RF-Planar Magnetron Sputtering'.
attaining this goal. J. Appl. Phys-, Vol. 60, pp736-741, 1986.
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DEPOSITION AND PROPERTIES OF PLT THIN FILMS
BY MAGNETRON SPUTTERING FORM POWDER TARGET

Wei-Gen Luo, Ai-Li Ding, Rui-Tao Zhang, Yu-Hong Huang and Min Ge
Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China

We have studied the processes, structures and electro- X-ray diffraction, TEM and RHEED were employed to exam-
optical propertius of lanthanum-modified lead titanate ine the structure of PLT thin film. The narrow gap
(PLT) thin films prepared by RF magnetron sputtering (aout 0.4 mm) electrodes of gold-chromium were evapo-
from sintered powder targets. Highly oriented PLT thin rated on the surface of PLT film for measuring the E-O
films on glass and (0001) A1 2 0 3 substrate, and an epi- properties. Fig. 2 shows the block diagram of the E-O
taxial growth PLT thin films on (100) SrTiO3 have been measurement system [6].
deposited. The Growth mechanism of oriented PLT thin 2
film on amorphous glass was discussed. Electro-optical
coefficient (R,'0.6Xl0-!6m

2
/v2) of PLT films on glass /

was measured by a new method based on Faraday magneto-
optical eftect.

Introduction

Many research works have been done about ferroelectric
thin films, especially about PLZT material [1]. PLZT
film has linear electro-optical (E-O) effect, quadric
E-0 effect and memory property depending on its compo-
sition. It also can be integrated with Si or GaAs semi-
conducting material. So PLZT is considered a most prom-
ise ferroelectric thin film to be used in two-dimen- ""
sional spatial light modulator [2], nonvolatile optical
devices [3]. In all these applications, PLZT thin filmS
are requested to be highly oriented growth or epitaxial
growth so as to low working voltage and reduce light
scattering.

High quality PLZT thin films are usually prepared by
RF magnetron sputtering. The sputtering is a very com-
plicated physical and chemical process, and the sput-
tering conditions vary with substrate materials and R

sputtering system. We have studied the sputtering pro-
cesses of PLZT thin film by magnetron sputtering from a
stoichiometric powder target [41. Highly-oriented or Fig.l. A schematic picture showing the chamber of
epitaxial PLT thin films have been deposited on differ- sputtering. 1. Thermocouple, 2. Substrate,
ent substrates. ESpecially, highly-oriented PLT thin 3. Heter trat, 4. Substrathoder
film can be grown on a glass substrate. As known, glass
is an amorphous material mainly consisted of silica,
Si0 2 . If a PLZT thin film is integrated with Si or GaAs, Table 1. SPUTTERING CONDITIONS FOR PLT THIN FILM
the PLZT film is usually deposited on Si0 2 film which
is used a buffer layer of the Si and GaAs substrate. So
it is very meaningful to study growth and its mechanism Target (28/0.100) PLT Powder
of PLZT thin film on glass substrate. The results are Target-substrate distance 25--20 mm
present in this paper. PLZT (28/0/100) thin film exhib- Substrate Glass, SrTiO3 , Sapphire
its very good E-O properties, but there are very few RF power density 1.3--4.0 W/cm2

reports on measuring method to determine E-O coeffi- Sputtering gas Ar/0 2 =l:l--l:O.5
cient precisely [5]. The film is usually very thin, Total pressure (2--6)Xl0-

2
mbar

about a few thousand angstroms. It is very difficult to Substrate temperature RT--700
0

C
measure optical retardation of angstrom order. We use a Deposition Rate 20--60 I/min
simple but very accurate method based on Faraday magne-
to-optical effect to get the quadric electro-optical
coefficient of PLT thin film. The PLT films on glass
have the quadric electro-optical coefficient in a range Results and Discussions
from 0.1X10- 1 6 to l.0Xl0-1(m/v) 2 . 1. The relationship of thin film structure and PbO

content in sputtering target
Experiment In multi-element oxides sputtering, because the evapo-rative pressure of every element in target is different,

The PLZT (28/0/100) powder was prepared by mixing this may lead to the content of the deposited film de-
high purity PbO, La 2 0 3 , TiO2 with a stoichiometry and viation from the target. The deviation is often 'epend-
then sintered at 800

0
C for four hours. The powders to end on the sputtering conditions and systems. Ir, many

be used as a sputtering target have to go through the reports for sputtering PLZT or PLT thin film, the tar-
sintering and gronding procedures for two times at get usually have extra PbO to compensate Pb losing in
least. The particle size of powder is about 5-10 'pm. the sputtering for its high evaporative property. But
The sintered powder is slight yellow and pressed in a we found that when the target powder have extra PbO
copper dish to be the sputtering target. The thermo- there was always PbO phase existing in as-ueposited
couple is put near the backside of the substrate. So film and while the powder was stoichiometric the film
the actual temperature of substrate may be 50°C lower was pure perovskite structure, as shown in Fig. 3.
than the readout temperatures. Fig. 1 is a schematic The possible reason may be that we sintered the pow-
picture of sputtering chamber. der at 800

0
C and the PbO losing was much lower than at

The sputtering conditions are summarized in Table 1. 900*C as reported in other literatures. The further
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Fig.2. Block diagram of measuring electro-optical

coefficient of ferroelectric thin film.

As show in Fig. 4, at about 520'C, only amorlphoub PLT
thin film was gotten, and at higher than 550*C, p:ly-

crystalline pervoskite PLT film was prepared. It is
because the heat energy from substrate provides enough

energy for adatoms to nucleate and grow.

Perovskite ...... - -4

A Amorphous ---

I I I

500 520 540 560 560 bOO

Substrate temperature( C)

Fig.4. Structure of PLT thin film vs

substrate temperature

PLZT (28/0/100) is cubic phase at room temperature.

The growth of PLT polycrystalline thin film on glass
substrate was obviously oriented in the [100] direction.

The degree of film orientation in thu [100] direction,
l ( I ; • , was determined by measuring the intensities of PLT

30 20 0 4 "0 0 diffraction peaks and was express as follows:

a=1(100)/ [1 (100)+1 (110)]
Fig.3. Structures of PLT thin film vs extra PbO

in target (a) for no extra PbO, (b) and 1(100) and 1(110) are X-ray diffraction intensity of

(c) for extra PbO, and (c) annealed at (100) and (110) peak n spectively. We showed the pre-

600
0
C/3hr ferred orientation degree a of PLT film vs. substrate

temperature in Fig. 5. It is clear that the higher the

substrate temperature, the easier the growth for ori-

study is in progress, ented PLT thin film. But overheating substrate may lead

to decomposition and reevaporating of the deposited film.

2. Oriented growth of PLT thin film on glass substrate In proper sputtering condition, we can get highly

Glass substrate was used to prepare PLT thin film oriented PLT thin film (Fig. 6). There is no other dif-

because its heat expansibility is 3.9X10-6K-I, very fraction peaks, only (100) peaks (1=1,2). The further

close to that of PLZT material. PLT films deposited on TEM analysis (Fig. 7) indicated that the crystallization

the glass substrate were transparent and crack-free, growth lines were paralleled to each other and the films

The x-ray diffraction experiments showed that the depo- were preferred (100) oriented. The lattice parameter a

sited thin film was amorphous when substrate tempera- was 3.934 A.

ture was lower than 5201C. The film changed to oriented SEM photograph (Fig. 8) suggested that the average

growth alone [100] direction (1=1,2,...) by proper diameter of the crystal grains is about 300 A. They are

heating treatment. By heating substrate at more higher closely packed and porous-free, and the grain bounda-

temperature and proper in-situ heating treatment, the ries are very thin.

perovskite and highly oriented PLT films were growth on Why oriented PLT thin film can grow on the amorphous

the glass.
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network theory, the structure of glass is similar to

the crystal structure in the region of crystallite
* 'I ' 0 (about 10 A) and is random network outside the region.

So in the microstructure, the glass substrate is not

0.8 only a substrate to be used for sputtering without any

characteristics but has its own inherent quality which

0.6 is determined by Si-O tetrahedral configuration. From
XRD patterns of glass and fused silica, there was al-

ways a diffraction peak at 20=22*. It was just like the
1).4 (100) peak ý,f quartz crystal. So we suggest that it is

much easier for PLT (100) to nucleate and grow on glass

0.2 than other direction for they have similar structure.

Its growth may be described by Volmer-Weber mecha-
S IInism [7).

520 540 560 586 600
Substrate temperature (0 C) 3. PLT thin film growth on single crystal substrate

Single crystal is good substrate to grow epitaxially
and hihgly oriented PLZT thin film. As a promise sub-

.Preferred orfintvtionbderete of strate material, its crystallization parameter and heat

P+I.T thin film vs substrate tem- expansibility should be matched with the deposited ma-
Iperature terials. SrTiO3 and R-oriented sapphire are proper sub-

strates on which highly quality PLZT film can be depo-

sited. We have studied the sputtering conditions of PLT

0 film on (100) SrTiO3 substrate. At the substrate tem-
perature of 5501C, epitaxial PLT films were obtained.

0 Fig. 9 showed the x-ray diffraction spectra of PLT on

SrTiO3 . There are only (100 and (200) diffraction peaks.
RHEED image (Fig. 10) further confirmed the epitaxy of

PLT film.

20 30 440 5
2e (degree) 0

1ig.(. X-ray diffraction spectra for 0

highly-oriented PLT thin film
on glass

0

Na

i F
_U

I , I i I I , I I I I I

L'_LIL_ 20 30 40 50 20 22 4
20 (Degree)

Fig.9. X-ray diffraction spectra of PLT

Fig.7. TEM image for section of PLT thin film thin film on (100) SrTiO3

Fig.10. RHEED image for epitaxial

Fig.8. SEM micrograph of PLT thin film on PLT thin film

glass (X6000)

There were two different oriented growth on (0001)

,11,,;s substrate? We propose it can be explained by the sapphire substrate, they were preferred (111) and (100)

.;Lructure of glass. The glass is a very complicated orientation respectively as shown in Fig. 11. The E-0

amorphous material. Its main structure is Si-O tetra- behavious of the two different kinds of oriented PLT

hedral configuration.According to the crystalliterandom thin films are studied in progress.

21



7

-~ (b) 0
(a) 0

25

ii 0f4*4 --

2L 2

20 29 4 02 501

Fig.1l. X-ray diffraction spectra for oriented- 5 V) 15 20 -5

growth PLT film on (0001) AI 2 0 3  -2 (yV/nm)?

(a) (111) orientation, (b) (100) orientation
Fig.13. An vs E2 for PLT thin film on glass

4. The electro-optical properties of PLT thin lilm
We have studied the phase transition and dielectric

properties of PLZT (28/0/100) hot-pressed ceramics. It chanism and sputtering conditions are also studied. PLT
is a electric field-induced ferroelectric material. At thin film have good electro-optic properties, and the
room temperature, it is cubic perovskite structure, quadric electro-optic coefficient high as l.XlOX-16
spontaneous polarization is zero. Under electric field, (m/v) 2 . Growing highly oriented PLT thin film on glass
it can be poled. The thin film has the similar proper- is valuable to future applications in integrated optics.
ties. The sputtered PLT film was colourless and trans-
parent. Its transmittance was about 80% in visible
region. When no electric field applied on the PLT film, Ackwledqement
the polarized light transmits the PLT thin film without
direction change. Under the electric field, the polari- We gratefully acknowledge the support of this work
zatlon direction of the light emerged from PLT film by National 863 high technology committee.
changed. The film become birefringent. Thebirefringence
An is quadric relationship to the applying electric
field. After removing the electric field, the film turn References
back to istropy. So the PLT thin film has Kerr E-0 ef-
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the birefringence An vs electric field E for PLT film pp736, 1986
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Ccriclusicns

Using powder target, we prepared highly oriented or
epitaxial PLZT (28/0/100) thin film on glass or crystal
substrate by R.F. magnetron sputtering. The growth me-
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A STUDY OF THE PROPERTIES OF ACETATE-DERIVED PLZT
FILMS ON GLASS SUBSTRATES

K. D. Preston and G. H. Haertling
Ceramic Engineering, Clemson University

Clemson, South Carolina 29634

Abtat Crack-free PZT 0/65/35 films of thicknesses up to 3 PZT films were processed by initial deposition of 2 layers (I OOOA) of
am were deposited onto glass and sapphire substrates using an acetate PLT followed by 2 layers of PZT at 550' C, eaLh layer fired for 5
precursor system at a processing temperature of 500-550' C. minutes. The remaining layers of PZT were deposited at 500 C, each
Ferroelectric, dielectric and electrooptic properties were measured as a layer firLu for 10 minutes. This process was developed as a
function of excess PbO content from 0 to 4 mol%. Directionally compromise between firing the entire film at 500° C, which usually led
dependent film behavior at high lead content was correlated with the to film cracking at the grain boundaries where it was suspected an
combined effects of tensile strain and domain alignment, amorphous or poorly crystallized phase was formed, or firing the

entire film at 5500 C where large deep cracks were formed due to the
Introduction increase in thermal stress. The more fully developed surface layer

processed at 5500 C enhanced cry'stallization of the film processed at
The optimum application of ferroelectric films is based on 5000 C and crack-free films were produced. Without a buffer layer,

complete characterization of the film properties and processing PZT films could not be processed at such low temperatures even on
conditions. The number of influencing factors is as varied as the sapphire. PZT films on sapphire without a buffer layer were fired at
techniques employed to process the films. However, certain 630' C, each layer fired for 2 minutes. Film thicknesses were
interdependent physical characteristics, such as film thickness and optically determined from cross sections using a Zeiss image analyzer.
grain size, remain a common consideration regzrdless of deposition
technique[l-5]. Another important feature of film geometry is the
development of anisotropic behavior resulting from crystallographic
orientation and stress related lattice distortions.

In the course of investigating transverse electrooptic behavior of
PZT films, it was found that the addition of excess PbO, a common
practice in the processing of lead zirconate-titanate materials,
introduced into the films a high level of behavioral anisotropy. The
characteristics of the films became dependent upon the direction of
measurement. This effect was studied by comparing longitudinal
ferroelectric and dielectric properties to transverse electrooptic
properties for PZT films on glass and sapphire substrates. A constant
film thickness of 3 .tm was maintained to reduce the effects of -
thickness while a PLT buffer layer was used to control grain size.

Exerimental Procedure

Film Proesnz

A thermal decomposition method based on a water-soluble Figure 1. SEM micrograph showing the cross section of a PLT/PZT
acetate precursor system[4] was used to process PZT 0/65/35 figr o. S g icrograpeo
(La/Zr/Ti) films on various substrate materials. The precursor
solutions, comprised of stoichiometric combinations of aqueous
zirconium acetate (ZrAc), lanthanum acetate (LaAc), X-ray Diffra
titaniumacetylacetonate (TiAcac) and powdered lead subacetate
(PbsubAc), were diluted with methanol in a ratio of 5:1 to improve X-ray diffraction patterns were obtained on a Scintag theta-theta
solution stability and a.'oid film cracking during the heat treatment
process. Multilayer films were deposited using an automated dip powder diffractometer using Cu-Ka radiation at a scan rate of 2°/in.
coating apparatus which allowed for controlled dipping of the Background subtraction and Kct, stripping were performed using the
substrate into the solution and direct ransport of the film/substrate in accompanying software. Line positions were determined by fitting the
and out of the heating zone. ThroLgh computer interface, precise diffraction peaks with a split Pearson VII profile function.
firing time schedules could be maint.'jned. The completion time of a

single firing cycle; i.e., dipping - firing - cooling. varied with Ferroelectric and Dielectric Measurements
substrate, film composition and fing temperature.

From previous experiencc in processing acetate-derived PLZT Film samples with an ITO layer on one side were used to
and PZT films on sapphire substrates, it was found that without the determine ferroelectric and dielectric film properties. It was not
use of either excess amounts of PbO or the initial application of a al%% ivs possible to avoid coating the entire surface of the ITO during
buffer laver, significant amounts of pyrochlore were likely' to the dipping process. Access to the ITO layer for use as a bottom
develop[6]. When used as a buffer layer, films in the (Pb.La)TiO 3  electrode was made possible by etching away a portion of the
system provided an improved nucleation surface for PZT film PLT/PZT film with a HCI-HF solution. Aluminum dots. lmm in
formation[6.7] and have made possible the development of PZT films diameter, were evaporated onto the film surface as top electrodes.
on 'glass substrates where lower processing temperatures are Ferroelectric ac hysteresis loops were obtained using a modified
required[8]. Sawyer-Tower circuit at a frequency of I kHz. Small signal dielectric

The substrates used in this study include randomly oriented measurements were made on a digital LCR meter.
sapphire and a Coming barium borosilicate glass (#7059) with thermal
expansion coefficients of 8.3xi0"6 /o C and 5.0lxl- 6 /° C, Electrooptic Measurements
respectively. For ferroelectric and dielectric measurements, thin films
(3600A) of ITO were deposited onto one side of the substrates by Transverse electrooptic behavior was measured using planar
magnetron sputtering from a powdered target. The sputtering copper electrodes with 50gm gaps. The change in birefringent shift as
atmosphere was a 60:4( argon-oxygen mixture at a pressure of 100 a function of applied field was measured using a He-Ne laser with a
mTorr. The substrates were held at a constant temperature of 3500 C. wavelength of 633 nm[8]. A photoelastic modulator was used to
The buffer layer composition. PLT 14/0/100, was chosen due to modulate the light source while a dc voltage was applied to the film
electroopuc compatibility with PZT. Before depositing the films, each sample. A compensator was used to calibrate the system and to
substrate was heat treated at 5500 C for 2 minutes to remove any extinguish any contributing birefringence from the glass suhtratec, a.1
remaining oroanics and improve the conductivity of the ITO. The a result of thermal cycling.
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Results and Discussion a,:commodauon )f the excess PhO. The longitudinal tensile strain of
method were crack free with Ad/d - 3x10- 3 , greater than the Iracturt limit of most crystalline

columnar growth structures typical of that shown in the scanning materials, is believed responsible for the anisotropic behavior of the
electro; micrograph (SEM) of Figure 1. film on a macroscopic level. At this point, there is nol enough

From transverse electrooptic measurements of l.Lm thick films
o, PLT/glass substrates it was found that the presence of memory,
hysteiesls and birefringence were reduced with the addition of excess
PbO. To further understand this relationship, ferroelectric and
dielectric properties in the longitudinal direction, X3, were compared

to electrfoptic properties observed in the planar direction, X1 .

Electrode configuration and directional references are shown in Figure
2. The results of this analysis are tabulated in Table I for 3 ptm thick
PZT films containing 0 and 4 mol% excess PbO deposited onto both
PLT/glass and PLT/sapphire substrates. An additional film on
sapphire was processed without a buffer layer to compare the effects
of grain size. The growth of the PZT films was not significantly
influenced by the ITO layer as shown in the XRD pattern of Figure 3.
However, low processing temperature and choice of buffer layer "------*------- '

composition did promote strong (100) orientations with 1(100)/I(110) I
= 4.5:1 as compared to 0.15:1 for the more randomly oriented film I
without a buffer laver. Stronger orientation was generally developed I

on the side without'ITO. I
The effects of excess PbO were similar for films on both glass

and sapphire. Ferroelectric hysteresis loops and their corresponding
electrooptic curves are shown in Figurez 4 and 5. As mentioned 20 30 4.U 50 60 70
earlier, hysteresis in the ferroelectric loops and electrooptic clurves was
reduced. along with reductions in coercive field and effective Two-Thet (degrees)
birefrine. At the same time, however, polarization and dielectric Figure 3. XRD patterns of PLT/PZT films on glass substrates. (to[)
permittvity were increased. The only parameter which was not without ITO, (bottom) with ITO
affected was the dissipation factor, tan a. The contrasting behavior of
increased polarization in the longitudinal direction with limited information to determine if the tetragonal phase has predominately
field-induced birefringence in the transverse direction, indicate a film compositional or structural origins. It is conceivable that tensile
behavior strongly dependent on direction of measurement. stresses placed in the (100) direction of a rhombohedral structure

could produce tetragonal symmetry. In which case, the preferred
Ferroelectric. Dielectric Measurement (100) orientation could further enhance the anisotropy.

Rhombohedral PLZT ceramics are characterized by their stress
sensitivity and ability to withstand large tensile strains through
ferroelastic switching[121. When under the influence of an applied

,lunm Electrodes X3 fieid, either electrical or mechanical, the PLZT ceramics responhd
PzT Film through a combination of polarization switching and structural phase

ITO Layer changes leading to domain alignment. From electrooptic
measurements cf thin ceramic plates placed in a strain-biased mode,

Substate Xl Maldonado and Meitzer [131 found that the direction of spontaneous
PZT Fi'm polarization was influenced by preferential domain alignment parallel

C3pper Electodes X, to a tension axis. thereby increasing the value of <PR 2> as compared
to the polarization in a perpendicular direction. In application to the
PZT films, strain-induced domain ordering in the X3 directioa

Electrooptic Measurement depletes the number of domains available for swiching in response to

an applied field in the X1 direction. Since the macroscopic

birefringence, An, is drect) r rportional to <PR2>, birefrin!,ent shift

Figure 2. Ferroelectric and dielectric measurements were made in the 4 04
longitudinal direction. X3 " while electrooptic measurements were . ./4

made in the transverse direction, X1. 2

X-ray diffraction analysis indicates that a phase transformation 02 \ \ ,, ,

and tensile str-in accompany the incorporation of excess PbO into the 0 \, I
PZT pcrovskite structure. Single phase PZT films containing 0 mol% f I - 1 0 ,
excess PbO crystallized into a rhombohedral structure as shown in -100 0 t0o -1010 0 10o

Figure 6. A second phase was observed with the addition of I mol% (kV/cm)kV)

PbO. Based on the location of the peaks at 20 - 22 and 29, a likely 20 . 30

identification would be the massicot phase of PbO[91 which is the / ? <'i

stable form above 4890 C. As the excess PbO content was increased
to 3 mol% the intensity of the PtO peaks diminished. At 4 mol% 0 ........ - . ...............
these peaks become barely distinguishable with the apparent formation ./

of peaks at 20 = 21.4 and 21.8. This transformation can be more
clearly seen in the fitted (100) profiles of Figure 7. The triplet peak -20

splitting occurs throughout the diffraction pattern in accordance with -30 0

the coexistence of a rhombohedral and tetragonal perovskite EtkV/cm) F(kV0/m)
structure[ 10.111, The observed c/a ratio of 1.02 is consistant with
that of Letragonal phasLs in this compositional region. An increase in W (b)

the interplanar d( 1(1() 1-spacing perpendicular to the films surface Figure 4. Electrooptic curves and ferroelectric hysteresis loops for
shown in Figure 7. is indicative of a planar compressive strain PLTIPZT films on glass substrates. (a) 0 mol% excess PbO, (Ib 4
developed in the rhombohedral phase coincident with the mol% excess PbO
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Table I. Ferroelectric, dielectric and electrooptic data obtained for PZT films on glass and sapphire
substrates.

excess PbO Ec PR Ps tan -An (l0 1)

Substrate (mol%) (kV/cm) (jC/cm2) (pC/cm 2 ) (%) (80 kV/cm)

PLT/sapphire 0 66.5 2.9 3.0 0.089 3.88 112
PLT/sapphire 4 32.0 10.25 20.0 0.086 0.64 224
PLT/glass 0 67.5 5.75 6.0 0.079 3.05 124
PLT/glass 4 14.0 3.5 18.0 0.089 0.37 292
sapphire 4 32.0 14.0 25.0 0.125 5.82 459

in the transverse mode is minimized.
The level of optical transparency in the films varied with excess

PbO content. At 0 mol% PbO the films appeared very cloudy. At 4
mol% PbO an average transmission of 60% was observed for films on
glass in the wavelength range of 520-800nm. The maximum
transmission of the bare substrate was 70%. Microscopic
investigation did not reveal any observable reason for the cloudiness.
The scattering of light in a polycrystalline material is caused by
discontinuities in the index of refraction at grain boundaries and
domain walls. When the domains are randomly oriented, the change A
in refractive index from one domain to another is large and the light is r
scattered. When the domains are aligned the change in refractive index
is smaller and the transmission of light i' increased. This could
explain why the addition of excess PbO improves the film optical
transparency. (d)

The slimmer ferroelectric and electrooptic curves observed for -) ' _

the films with high lead content may be attributable to the coexistence
of a rhombohedral and tetragonal phase through improved switchingZ: (C)
capabilities independent of direction. However, other factors such as .
grain size could also have an influence. The planar grain size of films r f.
processed with a PLT buffer layer was < l1im compared to 5 tin (b)
without a buffer laver. The greater birefringence observed in Figure 8
for the unbuffered film could be attributed to grain size eftects since -, .
larger grains are less subject to grain boundary pinning allowing for |(
more flexible domain movement. Grain size in the longitudinal
direction, X3 , was not determined but should be less dependent on the
use of a buffer layer since growth is limited by single layer film -
thickness and surface effects. Values of coercive field and 20.0 27.5 35.0
polarization are very similar for PZT films containing 4 mol% excess Two-Thela (degiees)
PbO on sapphire with and without a buffer layer in support of a Figure 6. XRD patterns of PLTPZT films with 0 to 4 mol% excess
similar grain size in the thickness direction. However, without a PbO deposited onto glass substrates. (a) 0 t%. (b) I t%, (c) 2
buffer layer the dielectric constant is larger, approaching the bulk mos%, (d) 3 mot%, (e) 4 btrm%

0.7 ---T--- - " I ' ,

2 Bulk PZT 0 mol%
20.3 d~l(yO1=4.08",i o 4 085

0 0-

-I0'T -5--r3 tol-• m 1

-100 n 100 .1O0 0 100
E(kV/cm) E(kV/cm) d(]o0)___4 096_ 1 d]0 = -0

Ps s h sI0 tPmo)% 2 mol%
too % e4086 ! dP . . 1 . 4.091

z30--~- ___ _

-10 ____ __ 5 ml
50 0 500 .500 0 Soo 3dmot% 4 096

E(kV/cm) do( V/cm =- 9 ~ 0)=4 0

Figure 5. Electrooptic curves and ferroelectric hysteresis loops for
PLTIPZT films on sapphire substrates. (a) 0 mol% excess PbO, (b) 4 J '
mol% excess Pbo

value with a corresponding dissipation factor. This effect could result Figure 7. Fitted (100) profiles of bulk PZT and PLTIPZT films
from micfostructural changes occurring with film thickness and is deposited onto glass substrates. Interplanar d(100)-spacings are given
currently under investigation, as a function of excess PbO addition.
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In general, the film values of remanent polarization, coercive [5] K. R. Udayakumar, J. Chen, S. B. Kl,,.,.idhi, and L. E.
field and dielectric constant differ from the bulk values of PR = 40 Cross, "Sol-Gel Derived PZT Thin Films for Switching

pC/cm2 , E = 13 kV/cm and = 650. These discrepancies are the Ferroelectrics. Urbana - Champaign, ill., pp.741-743, June 6-8
1990.

result of many influencing factors such as stoichiometry, defect
structure, grain size, thermal stess, measurement technique, etc., [6] K. D. Preston and G. H. Haertling, "Microstructural
including the use of ITO as a bottom electrode. Wu and Sayer[3] Investigation of Acetate-Derived PLZT Films", Integrated
proposed that a non-ferroelectric (NF) PbO-rich layer is generated at Ferroelectrics. vol. 1, no.1, pp. 89-98, 1992.
the ITO/film interface through the diffusion of Pb into the glass
substrate. The NF phase has a very low dielectric constant which may [7] S. L. Swartz, S. J. Bright, P. J. Melling, and T. R. Shrout,
affect the ferroelectric behavior of the bulk of the film. In this study, "Sol-Gel Processing of Composite PbTiO 3/PLZT Thin Films",
an unidentified peak does occur in the XRD patterns for the ITO/glass Ferroelectrics, vol. 108, no. 71. pp. 1677-1682, 1990.
substrates shown in Figure 3. This peak does not appear in the
patterns of ITO/sapphire and could indicate some type of reaction [8] K. D. Preston and G. H. Haertling, "Comparison of
between the glass substrate and film. The extent to which the ITO Electro-optic Lead Lanthanum Zirconate Titanate Films on
electrodes may alter the measured film values is uncertain. Crystalline and Glass Substrates", n Z te te., vol. 60,

no. 23, pp. 2R31-2833, June 1992.
40 -[9] JCPDS - International Center for Diffraction Data, 1601 Park

•4 ,K/'/ Lane, Swathmore, PA 19081-2389, card #38-1477.

0 a [101 P. GR. Lucuta, Fl. Constantinescu, and D. Barb, "Structural
"2- A Dependence on Sintering Temperature of Lead

,\~ Zirconate-Titanate Solid Solutions". J. Am. Ceram. Soc., vol.
01-40 1'68, no. 10, pp. 533-537, October 1985.

.100 0 100 -500 0 500 [11] P. Ari-gur and L. Benguigui, "Direct Determination of the
E(kV/cm) E(a,) Coexistence Region in the Solid Solutions Pb(Zrx Ti lx)03", L

Figure 8. Electrooptic curve and ferroelectric hysteresis loop for PZT Phvs, D: AnpI. Phys., vol. 8, pp. 1856-1862, 1975.
film containing 4 mot% excess PbO on a sapphire substrate. [12] A. H. Meitzler and H. M. O'Bryan, Jr., "Ferroelectric Behavior

When Subjected to Large Tensile Strains", Appl. PIhY, Lett.,
Conclusion vol. 19, no. 4, pp. 106-108, August 1971.

A relationship between the addition of excess PbO and [13] Juan R. Maldonado and Allen H. Meitzler, "Strain-Biased
anisotropic film behavior was presented for PZT films on glass and Ferroelectric Photoconductor Image Storage and Display
sapphire substrates. Large tensile strains and the formation of a Devices", in Proceedings of the IEEE, vol. 59, no. 3, pp.
tetragonal phase upon incorporation of PbO into the rhombohedral 368-382, March 1971.
structure produced directionally dependent properties in the film. The
measurement of ferroelectric and dielectric properties in a direction
parallel to the tension axis indicated an increase in polarization with
PbO content while birefringence in the perpendicular direction was
reduced. This effect was attributed to preferential domain alignment
and crystallographic orientation. The coexistence of a rhombohedral
and tetragonal phase was also thought to be a factor in reducing
hysteresis and memory effects.
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Abstract 2-The conoglmar I.R.Sansor

The design of an integrated sensing system including a The infrared sensor is a copolymer starring array
Silicon structure and a P (VDFO.7-TRFEO.3) copolymer is associated witch a focal plane, coupled to a signal
presented. processing electronic system integrated in a Silicon
The monolithic integrated sensor is based on : substrate.
- a pyroelectric thermal P(VDF.7-TRFEO.3) copolymer This heterostructure basically includes.
detector, - a copolymer layer P(VDF, 0.7-TrFE, 0.3) allowing the
- a polyimide microelectronic photoresist for thermal pyroelectric detection after absorption of the I.R. incident
insulation, radiation; converted into a temperature variation, it will
- a standard process Silicon read-out circuit. induce a pyroelectric signal between the electrodes
The present paper describes studies undertaken to realize deposited above and underneath the copolymer.
the system. Especially the ISL poling process is presented. - a Silicon substrate which is provided with the
Electrical characteristics as well as pyroelectric characte- readout circuit processed in a 1.2 jIm C-MOS technology.
ristics are presented. The analog electronic signal processing operates at the level
Intrinsic ferroelectric properties of the copolymer used are of each pixel; integrated into the Silicon chip, it is connected
given, to a serie of address and digital multiplexing elements. The

interface between the focal plane and the outer computer,
1 included in the chip, is carded out through gate-arrays

analog/digital cc-verters. [2]
The outstanding piezoelectric properties of polar - a thermal insulating film, sandwiched between the

polymers like PVDF may partly explain the less attention copolymer and the Silicon support, which is presently made
given over the last ten or twenty years to its pyroelectric out of polyimide.
properties; in addition, its characteristics in this field could The electrical connexion between the copolymer and
appear rather weak with respect to its main challengers : the Silicon substrate is achieved with a via through the
polycrystal ceramics and organic compounds, which present polyimide layer.
a much higher pyroelectric coefficient. However, this
situation has moved recently in favor of PVDF in infrared 3- Technolooy
detection, with the huge impulse given to the world of
detectors by the introduction of microelectronics in their The specific Silicon integrated circuit is processed
technology to imple-ment integrated sensors, and the through a standard Full Wafer technology based on
ability to apply the IC technics to tailor a PVDF sensor deposition, chemical, plasma and reactive ion etching
coupled with a read out Silicon circuit. In addition, the small photolithography technics of microelectronic. The different
magnitude of the infrared signals detected, mixed with a steps of metallization use either Joule evaporation or
hight level background noise,has imposed the development sputtering, depending on the nature of the metal selected :
of matrix arrays rather than unit cells. Aluminum, NickelChromium, Chromium-Gold, or Platinum.

These conditions have provided a new interest to Polyimide and copolymer are deposited by spin coating. The
PVDF, due to its good chemical characteristics. thickness of the thermal insulator is 10 lim in our application,

In a first step, a 8 x 8 matrix array [1] was elaborated while the thickness of the copolymer is adjusted between 4
on PVDF, and glued afterwards successfully on a Silicon and 10 gim and depends on the read-out operation
chip. This procedure, well defined in a laboratory, may frequency (fig.1). The annealing procedure used in the
impede a low cost-large scale development in industry, polymerization of the pyroelectric material must avoid

The use of a VDF-TrFE copolymer, which directly thermal shocks to prevent any cracks which should appear
crystallizes in a beta phase, appears as a promising by interaction between copolymer and the metal deposited
substitute to PVDF, as it is available under a liquid form and upon it in the following metallization step. This is shown on
allows an easier technology to implement the hetero- the next figures where a temperature slope is used to anneal
structure, the other advantage being to present higher and to cool the VDF-TrFE layer (fig. 2-a), and a temperature
pyroelectric performance than PVDF. step is used instead in the second case (fig. 2-b).

The result has been the elaboration of a 32 x 32 focal Photolithography is used to elaborate the final step of the
plane starring array, which is investigated to be used in a copolymer 32 x 32 matrix array. The pixel size is 100 gim x
multisensing system dedicated to obstacle detection in 100 Aim.
automotive.
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However, we have much preferred to use the method
developed by F. BAUER [3) [41 where a very low frequency

*Copolymer electric field (0.1 Hz) is applied to the material at room

Em Metal electrodes temperature, allowing to generate many times the hysteresis

NICr(80/I0) or Al loop while the magnitude of the field is increased

* Polyimide continuously up to a limit slightly under the breakdown

* Sio2 condition of the material (108 V/m). This operation allows to

drain out ions and space charges which might impede the
*Si Substrate rotation of the dipoles of the crystalline phase, and insures

the stability of the polarization and the reproducibility of the

fig. 1 Schematic Integrated copolymer/thermal procedure.

insulator/Silicon heterostructure. By substracting the resistive and the capacitives parts
from the total current, we perform directly, after integration,

the measurement of the polarization. A 6 VC/cm2 to 8 gC/cm2

remanent polarization has been achieved (fig.3).

(1P ) Pr =6.6 tC/cm2•ji,,•'-• 15 - 0.) lC/cm2) 8

S10 j E!
• I ~~NiCrl

LD 0 0

-4

-15 0 I -8

fig.2-a Top view of the copolymer after NiCr deposition when

a temperature ramp has been used in the polymerization 1,5 -1 -0.5 0 0,5 1 1,5

process. NiCr has been removed from the lower part. Material: VF2NF3 70/30 VOLTAGE (in kV)

Thickness: 10 microns

fig.3 Hysteresis and polarization current measurements
performed on the array.

It is important to notice that, with PVDF, the polarization is
applied before gluing the film on the Silicon chip. With VDF-
TrFE, poling of the sample is somewhat more delicate,

because it is performed after the elaboration of the whole
heterostructure where the read-out and signal processing
circuits have been already processed in the Silicon
substrate. However, using adequate protective circuits, we
have shown that the procedure could be conducted
successfully that way.

5-Characterization

Pvroelectric response of a oixel

fig.2-b Same view as fig 2-a, when a temperature step is used

in the polymerization process of VDF-TrFE. As the purpose of this paper is more material than
system performance oriented, characterization of the matrix
presented here will be focused to the copolymer charac-
teristics. The pyroelectric response of a pixel is investigated
with a temperature controlled black body, emitting a radiation

4- The ooling procedure mechanically chopped at low frequency, using an equipment
similar to that used for PVDF array characterization and

Any poling method applied to PVDF can be described in ref. [5]. As shown in fig. 4, a typical curve

transposed to VDF-TrFE as well. The standard procedures giving the evolution of the pyroelectric current sensitivity,
use either the Corona or the plasma effect, or require the limited to 700 Hz, exibits a behaviour difference with respect
application of a d.c. electric field at high temperature to the reponse of a 'free" material, brought about by the

(between 50 0C to 100°C) applied to the metal electrodes heterostructure. In the same way, the unusual voltage

deposited on both surfaces of the pyroelectric material, response observed in fig. 5, is due to the very low electrical
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cut off frequency of the measuring circuit (8 Hz). The effect of Pyroelectric coefficient
temperature on the pyroelectric current (fig. 6) is consistent
with the pyroelectric coefficient variation with temperature. The evaluation of the pyroelectric coefficient p has

been achieved by a direct measurement based on dielectric
absorption of the material which is heated with a high
frequency signal (500 KHz) during a limited period of time

0 •(6.5 ms) [6].
We observe a linearly increase of the pyroelectric

voltage V during the heating (fig. 7), p being proportional to
his voltage shope according to

ThLb. - -ioo, c. dY.
10 =t*' O P U2  12tf.tgb di

.• •d2 = 4 izm

d3 = 5 ~ Where d is the copolymer thickness, Cv the volumetric
Flux = 0.13 w specific heat, U and f are respectively the magnitude and the

" I I K = 0.95 cr." frequency of the voltage applied to the pixel, 8 the loss
Cppe'r'irreHquenQ' z angle.

I- Chp... .. n y Hz) W ith d = 5 0 m Cv = 2.34 J/cm 3 . K ; U = 5 v. f = 500 KHz ;
tg 8 = 10-2 and (dV/dt) = 13.6 / 6.47 we get a pyroelectric
coefficient p =3.1 nC/cm 2 .K.

This value confirms that the pyroelectric performance
fig. 4 Pyroelectric current sensitivity versus chopper of VDF-TrFE is not that much weakened by the technology. A
frequency. The distance X between black body and possible improvement will relie on a reduction of the stress at
copolymer is 4.7 cm. the interface with the thermal insulator by a tight selection of

this material.

0 .
VDF TrFE

I El

to-I
!0z

> 1o 3 Frequency

10"' too 101 102 103

fig.5 Pyroelectric voltage sensitivity versus chopper
frequency. Same data as fig.4, except X=7.8 cm.

10," r -.• -, " r - - - -
10 O~n I- -ý

" , - - - -"K - K ± -n

10 .. = 0.95cm2 T
-j L ---- K-~ --

T IIE

10 3

10 "44" ; Bakb d t m rtr T(c.),

10 1 10 2 3 fig. 7 Pyroelectric voltage respons i due to H.F. heating and
corresponding measuring circuit, heating time: 6.47 ms; f=
500 KHz; DV= 13.6 mV.

fig.6 Black body temperature effect on the pyroelectric
response. X=4 cm, f=217 Hz.
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6- A12..li]aIion (4] F. Bauer. US patent 4611260.

A prototype infra red sensor using a 32 x 32 (51 A. Reynes, D. Esteve, J. Farrd, V.V. Pham and J.J.
copolymer focal plane array has been elaborated Simonne.
(fig. 8). After the development of the hybrid technology [7], it "Elaboration and prorerties of a linear pyroelectric
marks a new step in the research of a low cost - large scale PVDF FPA*. SPIE Vol M FPA Technology and
I.R. sensors applied to civilian applications, with the Applications, pp. 40-44 (1987).
adaptation of the I.C. technology to polymer materials
(reticulation, via), and the feasibility of a poling procedure [6] NP Hartley, PT Squire, EM Putley
applied across the whole heterostructure. This investigation "A new method of measuring pyroelectric coefficients"
is conducted within the European Prometheus-Pro Chip J. of Physics E Vol 5 Scientific Instruments, pp. 787-
program dedicated to increase the safety in road traffic. It is a 789 (1972).
part of a multisensing system, used as a passive I-R. obstacle
detector and is intended to provide information together with [7] See for inst. R. Watton.
other active I.R. and microwave sensors to an on-board "Ferroelectric detection and imaging".
computer in a car. Proc. 6 th IEEE-ISAF'86 pp. 172-181 (1986)

Thermal imager is another type of application opened
to this technology, with an extension of the array to a 128 x
128 elements, already available.

fig.8 View of the IR. sensor.
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Abstract coefficient matrix (d I must be calculated in this
la

The paper presents the analytic expressions of system either. But usually, (d ) is decided by the
the effective second order nonlinear coefficients crystal symmetry. That is. it is related to the

I II
d I and d II for five groups of biaxial crystals in crystal physical principal axial coordinate systemL" off O-XYZ, which is also different from the
the coordinate planes of optical ellipsoid. Using crystallography axial coordinate system o-abc.

these expressions, the coefficient value can be Trefore the ationscofd itste m of

derived easily without numerical calculation for every oI

point in the phase matching curves, physical principal axial coordinate must be
Keywords: biaxial crystal, analytic expression, transformed into the formatiois in the system of

effective nonlinear coefficient principal refractive indices coordinate. Considering
that, there are 6 possible correlations between the

Introduction axes of x,y,z and axes of XY,Z. For five biaxial
ih trodulopnt crystal groups, 30 different expressions of (d ) are

Recently, with the development of new nonlinear psil.d)isa36mtx.Icnbewittna

materials, more and more biaxial crystals are used in possle. (dI) is a 3x6 matrix. It can be written as

second order nonlinear optical interactions, such as a three order tensor, which is
second harmonic generation(SHG), sum frequency(SF), t' =T T T ( 13)
difference frequency(DF) and optical parametric Ik JI 1 J kn Ion.
d tifferece freIueny ordertoget the optical prmet where T represents the transformation matrix betweenoscillation(OPO). In order to get the optii•,. the two coordinate systems. In Table I, 30 kinds

phase matching angles, we have to compute the epessio ofd syare In in detai. I

phase matching curves and calculate the effective expressions of (dI) are given in detail. In

nonlinear coefficient for every point in the curves principal refractive indices coordinate plane, the
either. Sets of specific computer programs have to be matrixes of (ae2) (aeae ),(ae'ae2)
developed, but they are complex to the users. In fact, k J k
whenever we use the biaxial crystals, the light So do the effective nonlinear coefficient expressions,
propagation directions are usually in optic principal which are got from Eq. (1) and Eq. (2) . Following, we
axial planes. For example, in KTP crystal, the optimum will give the results.
phase matching direction of SHG from 1.064pm to 1)d for type I phase matching
0. 532pm is in the plane of xoy, and the optimum phase e ff

matching direction of OPO is in the plane of xoz or Min xoz plane. #=O, 0 is the optic axial angle

xoy, etc. . Therefore, we can simplify the effective 0<0, 5=w/2,

nonlinear coefficient expressions in optic axial 0
planes. Using brief calculation, the effective 1
nonlinear coefficient value will be obtained
immediately. d I=(-cos@ 0 sine ) (d 1 0 (4)

0
The Expressions of the Effective Nonlinear Coefficients 0

in the Coordinate Planes of Optical Ellipsoid 0

From paper[l], it is obvious that in second order
nonlinear optical interaction, such as SHG, SF, DF and 6>12, 5=0,
OPO, the expressions of effective non1inear 2

coefficients of type I phase matching are all the Cos s

same, which are T 0

dI (0,,6)=(ae2) (d ) (aeaea) (c) in2eeff d ( d =( 0 1 0 ) (d s (5)
Same as the expressions of type II phase matching, eff a 0
which are S-sin2e

d i (0,0,4)=d IIA(9,0,6)=d I IB(0,0,6)

eff Ief eff 0
=(a2) (d ) (a ea e2) (2)

where 6, 0 represent the propagation direction in (2)in yoz plane, *=m/2, 5=0
the principal refractive indices coordinate, a 0
represents the polarization direction of correspondent Cos20
electric field, ei and e2 represent the polarizations 2
of slower light and faster light respectively. de ( -1 0 0 ) (d sin 6 (6)

Mariesof(a2),(elael) el e2,
Matrixes of (a ),(a a ),( ak e are given in -sIn2e

I j k k
paper[2]. Both formula(l) and formula(2) are used in 0
the optical ellipsoid coordinate system, which is same
with the principal refractive indices coordinate 0
system o-xyz. Therefore, the nonlinear optical (3)in xoy plane, 6=w/2, 5=0
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propagation directions were in the yoz plane and xoy
0 plane respectively. And both of them are in the

0 principal refractive indices coordinate planes. From
Sthe experiment, we get the conclusion that the SH0

d =(-sina cos* 0 ) (d 1( efficiency of KTP crystal is higher on the condition
0 that the light direction is in xoy plane.
0 In theory, KTP crystal is of orthorhombic &&2

group. Its correlations between the axes of x,yz and

0 axes of XY,Z are x=X, y=Y, z=Z. From Table 2, we know

that, 11 2 2

2)de for type II phase matching in xoy plane d ff=-d .sin -d cosCos
e 1f 24

(I)in xoz plane, #=O, 2 is the optic axial angle in yoz plane d 11=-d sin@,
9<0 3w=/2, ef is

0 Put #=21.3, e=67.8% d s=6.14lO-12(&/v),

0 d =7.6xlO-12 (m/v) 15 into equations given above, we24

d =(-cose 0 sine) (d 1 0 (8) will obtain that
sine in xoy plane d I.=-7.402x10- 12(m/v),

erf

0 in yoz plane d 11=-5.648xl-12 (m/v).e'.£

-cosa That Is to say, the SH1 efficiency in xoy plane is

0>0, 6=0, higher. It coincides with the experiment.
Thus, we get the simple analytic expressions of

0 • the effective nonlinear coefficients for five groups

0 of biaxial crystals in the optical ellipsoid

d =( 0 1 0 ) (d 0 coordinate planes. They are convenient for the users.
err

-sine References
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0

sine

t-cosa

(3)in xoy plane, 0=7/2, 5=0

0

0

d (-sino coso 0) (d 2 0 (11)
-CS
-coso

sin#

0

Putting (d a) matrix of every group and every

correlation in Table 1 into Eq.(4)--(11), we will get

simple analytic expressions of d and d for five
eff eC(

groups of the biaxial crystals in principal refractive
indices coordinate planes. Table 2 gives the

expressions of d I and d ii for biaxial crystals of
eff eff

orthorhombic group mm2, which are used often. The

expressions of biaxial crystals of orthorhombic 222,

monoclinic 2, monoclinic m and triclinic I can be

obtained in similar way. Considering the length of the

paper, we'll not provide in detail.

Experiment

The experiment studies of SHG at 1.064pm were

performed In two KTP crystals with same thickness.

One was cut with a phase matching. angle of *=90",

^-67.8'. Another was cut with 6=90 , 0=21.3 . Their
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The Concept, Effects and Possible Applications ol
Optical and Acoustical Superlattices

Nai-ben Ming

National Laboratory of Solid State Microstructures, Nanjing
University, Nanjing 210008, P. R. China

Abstract instead, they are periodic function of spatial coordinates. If the
periodicity can compare with optical wavelength and acoustical

The physical properties, such as nonlinear optic coeff- wavelength, this crystal may be -alled optical supcrlattice (OSI.)

icient, electro-optic coefficient and piezoelectric coefficient, in
a ferroelectric single crystal with regular laminar domains are
not constant but periodic or quasiperiodic function of spatial Y
coordinates, such a crystal may be called an optical or acousti- a
cal superlattice. In this paper, an overview will be given of our
experimental and theoretical results on the concept, novel /
effects and new applications of the optic and acoustical super- X

iattices. b " "

Introduction d

Early in 1962, Bloembergen et al. showed that with
periodic modulation of nonlinear susceptibilities, enhancement
of nonlinear optical processes may be achieved with quasi-
phase-matching [1]. Inspired by this theoretical consideration,
the first sample of the optical superlattice have been realized
in LiNbO 3 crystals with periodic laminar ferroelectric domains
[2-4]. Enhancement of frequency doubled light output is Fig. 1. Schematic diagram of optical and acoustical superlatt-
observed verifying theoretical predictions [5]. Recently the ice. (a) A single LiNbO3 crystal with periodic laminar ferro-
experimental and theoretical results show that it is possible to electric domains. (b) Corresponding nonlinear optical
use the optical superlattices to obtain the second-harmonic coeMcient as a periodic function of x.
generation of blue light [6,7], the second-harmonic spectrum [81,
the third-harmonic generation directly [9], to design a novel or acoustical superlattice (ASL). As an exaniplc. the opticalmodulatable four-path splitter [10] and to generate blue laser micrograph of OSL of LN revealed by etching is shown in fig.
light directly from a diode laser using a waveguide system with
superlattice structure [11-14]. On the other hand, the excitation 2. The period of the OSL is 6.8 e m which is two times of thecoherent length of the second-harmonic generation in LN
and propagation of elastic wave in an acoustic superlattice has crystal for fundamental wavelength of 1.06 urm. Examples of
been analyzed and the resonators and transducers with high fre- this kind of OSLs and ASIs include LiNbO 3, LiTaO., (LT) [22],
quencies up to 1000 MHz have been fabricated by using the BaNasNbOs (BNN) [17] and (N[-1,C1 l,COOI l),l [.SO4 (TGS)
acoustic superlattices of LiNbO 3 and BaNaNb5O15 crystals [15- [23], have been prepared in my lab. In general, a material,
19]. which optic and acoustic properties are a periodic or quasi-

periodic function of spatial coordinates and its reciprocal

Concept of Optical and Acoustical Superlattice

As an example, a ferroelectric single crystal, such as a
LiNbO3 (LN) single crystal with periodic laminar ferroelectric
domains (PLFDs), is shown in fig. ](a). The arrowis in the
figure indicate the directions of the spontaneous polarization of
domains. Note that from one domain lamella to the next the
spontaneous polarization are opposite which is equivalent to a
rotation of 180I of the next lamella around X-axis, as shown in
fig. I (a). In so doing, or according to the reference [20] and
the crystallographic relationship between positive domain and Fig. 2. The optical micrograph of optical superlattice of Li-
negative domain[21[, the physical propertics of next lamella NbO3 revealed etching. The period a+b is 6.Spm.
associated with the odd-rank tensor, such as nonlinear optic
coefficient, electro-optic coefficient and piezoelectric coefficient vectors are comparable with the acoustic or optic wave vectors,
should change its sign from "+" to -, as shown in fig. I(b). In can be called OSL and ASL. By periodic or quasiperiodic
this single crystal, the physical properties are not constant, modulation of microstructures, including the ferroelectric and

CH3080-0-7803-0465-9/9253.00 ©IEEE 35



ferroelastic domain structures, the compositions and the crystal- consists of to fundamental blocks of A and B arranged accord-
lographic orientations, OSLs and ASLs can be obtained. ing to the production role S, =S1q:S,-2, for j>3 with S, =A and

S,=AB, where : stands for concatenation. Both blocks. A and
The Enhancement of Second I larmnic-c Ge 1- B, are composed of one positive and one negative ferroelectric

eration in LiNbO1 Optical Superlattices domain as shown in fig. 3, where a. and an represent the
thicknesses of the positive domains in block A and B, and b,

There are two methods to obtain second harmonic and bB represent the thicknesses of the negative ones. Let
generation (SIIG) with high efficiency. One is phase matching aA=an=l, b,=l(1+6). b,=l(1-t6), %here 1, 6 and t are
(PM) which is commonly used. The other is quasi-phase- adjustable structure parameters during the design of a QP-OSL.
matching (QPM) proposed by Blocmhergcn [I 1. The QPM can The sequence of the blocks, ABAABABA.... produces a QP-
be realized only in an OSI.. In general, the supcrlattice i, OSL. see Fig. 3. With the QP-OSL. a series of reciprocal
described by the reciprocal vector which magnitude is vectors can be provided to compensate tile phase mismatches

g, = n 217/(a+ b) (1) of the optical parametric processes in the material. Unlike the
and direction is perpendicular to the domain laver, where a and periodic OSL which has reciprocai vector, see eq.( 1). a QP-OSL
b are the thicknesses of positive anti negative domains, a+b is provides reciprocal vectors governed by to integers, Ashich has
the period of the OSL. 27T/(a +l ) is a primitive reciprocal J~e form
vector and n is an integer. In fact, QPM is that the mismatch &,, = 2,r(m+nr)/D (2)
of wave vectors between second harmonic wave and the funda- where D=TI[A+ln, with the golden ratio T =(1 +15)/2;
mental wave is compensate( !, the reciprocal vector in ilic IA=aA+bA and lt=a,+ bn are thicknesses of fundamental blocks
OSL. As we known, the nor, inear t otical coefficient d,1 of I .N of A and B, as shown in fig. 3. It is clear that the reciprocal
is commonly used and can ')e phase matched. i lowvevcr, the vectors of the QP-OSL can be adjusted by I, 6 and t. Because
largest nonlinear optical coefficient ju, is 6.2-8.9 times larger f this property, some coupled optical parametric processes will
than d1 , [21] and can not be phase matched. If we can utilize be likely to octcur in the QP-OSL with efficient conversion. The
d3, by quasi-phase-matching (Q07M), the enhancement of second process of the *hird harmonic generation (TI IG) discussed here
harmonic generation (SI IG) in an OSL of LN is possible. The is a coupled parametric process, e.g.. the SIPG process and the
Sil intensity of LN with superlattice structure fulfilling QPM frequency up-conversion process (FUP). which nii\es the funda-

condition for l11, has been compared %%ith single domain crystal mental frequency with the second harmonic, are coupled in thi.

fulfilling PM condition for d.,,. Anl order of magnitude cnha,- OP-OSL. As Just mentioned above. there are more series of

neement predicted theoretically has been realized 151. reciprocal vectors in QP-OSL than that in the pcriodic super-
lattice and we can adjust the structure parametcers I, 6. t during
design the superlattice. In tlis case. it I,, povhl]C to dcsign

The Enhancement of SIIG in LiTaO,
Optical Superlattices

LiTaO3 is a positive uniaxial crystal with small a 'al
birefringence, so it can not fulfil the phase matching (PM)
condition with birefringence. Therefore this material has not A B
been utilized as a nonlinear optical crystal, although it has siz-
able nonlinear optical coefficient. We have utilized OSL of LT
to obtain the SUIG of 1.06 gm, and the SIIG efficiency about
15% has been reached [22]. A + + A A

The SI ,G of Blue Light in I .iNhO3 II
Opt Cal1 Superlatt ices N , L

We have used a OSL of LN with thickness of 0.78 mm X, ( 42 X4 xf X6 T ix
to generate 430-435 nm radiation by quasi-Phase-mnatched
frequency doubling at room temperature. Blue light outliut of Fig. 3. Quasi-periodic optic superlaltice made or a single Li-
0.2 AJ energy has been obtained for input energy of 5 MJ of NbO., crystal (the arrows indicate the directions or the sponta-
fundamental wave [7]. From the limited data of SI Io if blue neous polarization). (a) The Iwo building blocks ofa QP.OSL,
light and the systematic studies of fundmtcwnals of OSL, we each composed or one positive and one negalive ferroelectric
conclude that, with tile OSL, the dlcmands for a miniaturizedt domain. (b) Schematic diagram or a QP-OSi..
and compact device of generation (if hhue light by frequency
doubling of a laser dliode for a variety of applications including
optical data storage can be met. and prepare a QP-OSL with two special reciprocal vectors.

One is used to compensate the mismatch of wave vectors in a
Enhancement of the Third I larmonic Generation in SHG process. The other is used to compensate the mismatch

Quasi-periodic Optical Superlattice (OP1-OSI.) Of LN of wave vectors in the frequency up-conversion process. By
adjusting the parameters properly, the optimum condition has

I lcreafter we shall take I.iNbC-, crvstals, with laminar been found, which is 1=6.08 Am, 6=0.01 and t= 1.90 with the
ferroelectric domain structurcs as aIll eample. III such a third harmonic intensity I(3A)- 122000 K; where K is a constant
material, the directions of spontaneous polirizationS in success- when incident light are given. To obtain an appreciation for
ive domains are opposite, as are the signs of nonlinear optical the enhancement of the third harmonic available in our case,
coefficients. This structure forms a one-dlimensional (II)) consider a commonly used two-step process. The second
superlattice for nonlinear optical effect. On this basis, a quasi- harmonic is generated in the first LiNbO. crystal using the
periodic optical superlattice (QP-OSL) can be constructed. It nonlinear coefficient d3, with phase matching; then it mixes,., ith
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the fundamental frequency in the second LiNbO, using the the piezoelectric tensor, h. kcep, ci(nLtitL I. iri me aimejla to
same nonlinear coefficient and PM; and the relative output dhe next one. NarmeRl. microiin.,, h;r.e noi ,r:ýe.,ncc oil acouS-
intensity of THG is 1(3w)- II,000K. Compared with it, the tic resonance properties of the %SI. ýiraikcd J:,ýo 1he z axis,
enhancement of THG in our case is increased by an order of ,.md a longitudinal planar w•ae is excited along ihe z ai\, ip his
magnitude, which is favourable to the practical applications. case. A set of resonators kiih Aorking )requctn._C, in ihe raige
A detailed theoretical analysis of SHG and THG in the QP- of 200-400 Mllz hax-e been made of Ihc ASI. o! B\N crstal,
OSL has been published in reference [9]. The measured resoitance requencieN ;arc xci, cioc to ihc

theoreticaii oiis Both cxperinet;it 11nld ihcoi rctical rcsths
show that !he resonators of BINN ASI. hac lo" aCOUstic Io 0

Resonator Made of Acoustical 1171.
Superlattices of LiNbO,

Transducers Made of Acoustical Super-
For a periodic acoustical superlattice (ASL), by using lattice of LiNb1, Cry,,tals

Green's function metho,! to solve the elastic wave equations,
the electric impedance of resonator can be derived, then the After study of the elastic wave equation, the electrical
resonance frequency can be obtained, which is impedance of a transducer made of Aý _ has been obtained

fn = n v/(a+ b), n = 1,2,3... (3) which is a function of the number of laminar domains N and

where v is the velocity of the longitudinal wave propagating area of electrode A [16]. For transducers made of regular
along the z axis. It is worth noting that the resonance fre- material, such as a single domain LN crystal, tnder high
quency are determined only by the periodicity of the ASL, a+ b, frequency operation the static capacitance is the main part of
not by the total thickness of the wafer. As we know. the thick- the impedance at resonance frequency. As a result, the ins-
ness of a resonator worki.ig at several hundred mega-hertz with ertion loss of transducer is very high. In our case, the real part
ordinary materials, such as the single domain LiNbO3 crystal, is of the impedance can be equal to or even large than the
too thin to be fabricated by regular processing techniques. Ho- imaginary part by choosing N and A suitably. The transducers
wever, it is easy to grow the ASL of LiNbO, crystals with the thus will have an insertion loss near 0 dR in a 50n meas-
thickness of each lamellae of several microns [15-17, 24-30]. trement system. A set of transducers with working frequencies
Therefore, it is possible to fabricate the acoustic devices oper- in the range of 300-800 MHz have been made of the ASL of
ating at frequencies of hundreds MHz to several GHz by using LN. A typical experimental result shows that an insertion loss
the ASL A set of resonators with working frequencies in the of near 0 (113 at 555 MIIlz is achieved, which is in good
range of 500-1000 MHz has been made of the ASL of LiNbO3  agreement with the theory, and the 3 d13B bandwidth of the
crystals [15]. The measured and calculated resonance transducer is 5.8% [16].
frequencies are listed in Table I. It indicates that the
experimental values are very close to the theoretical ones.

Conclusions
Table 1. Relationship between the Resonance Frequency f, and
the Periodicity a + b of LiNbO, Acoustic Superlattice Based on the studies of ferroelectric domain structures

and the influence of growth striations on para-ferroelectric
Resonantor Periodicity Frequency of Resonance Error phase transitions, a new type of crystals with periodic or quasi-

of ASL., a+ b f1, MHz (%) periodic laminar ferroelectric domains has been prepared . It
(AM) cal. mes. has been demonstrated that this kind of crystals produce signifi-

cant effects in optical -,nd acoustical wave processes and can be
No.1 7.4 989 975 1.4 used as new types of devices for a variety of applications in the
No.2 8.2 892 882 1.1 opto-electric and acousto-electric field. We believe that it is
No.3 10.0 732 710 3.0 possible to use modern experimental techniques to control the
No.4 11.0 665 686 3.0 microstructures and thus to develop a new types of synthetic
No.5 13.2 554 552 0.4 materials with pre-designed microstructures.
No.6 13.3 550 553 0.5
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Lead calcium titanate ceramics (PTC) show One of such materials is calcium-modified lead
properties that make them excellent candidates for titanate in ceramic torm 141. It behaves as a good
pyroelectric sensors. pyroelectric material because it has a high pyroelectric

In the present work, a new system to improve coefficient, -y, a small dielectric constant, E', and a
greatly the perfobrmance of lead calcium titanate ceramics for moderately high Curie temperature. It also happens that it
infrared sensor is proposed. The main characteristic of the is sensitive to a broad band of wavelengths. In applications
system would be its capability to integrate, on same such as astronomical measurements, spectroscopic analysis
substrate, different thin film optical filters with defined of gases, and IR signature identification, it is necessary to
geometries, in order to obtain arrays of optical filters. Each have with wavelength selection capability; and this is
point on the substrate would correspond to a filter with a generally achieved by putting, before the detectors, a device
previously defined wavelength profile with one or more optical filter, that are mechanically or

The first achievement of the system proposed is the manually selected in order to have specific wavelengths.
obtention of a multispectral substrate with different optical
filters integrated in the same plane, that correspond to the In this paper a study is made of pyroelectric
tocal plane of the pyroelectric PTC sensor. properties of ceramics of lead titanate modified with different

This concept would allow to obtain multispectral amounts of calcium, and a proposal is put forward to
integrated sensor or "retinae", by hibridid or monolithic integrate, over a pyroelectric linear array of Ca-modified
coupling of the filters on the pyroelectric detector in the lead titanate elements, different thin-film interferencial filters
same or very close substrate (focal plane) which permit the selection of wavelengths. The integration

The results of the preliminary experiments carried over the pyroelectric array of the interferencial filter will
out have demonstrated the feasibility of the system proposed. have spatial and spectral resolution, and can therefore he
Thin film optical filter with appropriate size, position and considered as a spectral retina.
homogeneity have obtained combining different vacuum
evaporated multilayer on the substrate.

At the same time, experimental results of the 2.- THE SPECTRAL RETINA
pyroelectric response of the PTC are shows.

In a previous paper 151 a discussion was made of the
concept of spectral retina, which basically consists on the
selection of a certain wavelength by a narrow band-pass

I.- IN' RODUCTION filter, and the assignment of one or several pixels from a
linear array of sensors. Eacha detector (pixel) or group of

Work on new infrared (IR) sensors is at present them, can thus produce a signal proportional to the optical
centred on the development of focal plane arrays I I ] for their power received within the band of wavelengths defined by
use in imaging systems, and in the search for new materials the filter just on top. This is sketched in Fig. I.
12,3J.
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Fa. 3 However, integration levels as required for spectral retinae
S _!__ - are easily achieved.

Filter

"I 3.- EXPERIMENTAL RESULTS

0 EL[CIk/Ferroelectric ceramics of nominal composition

I -- [•Ca, Pb,, [Tio0 (Wo0 • Coos, )o~ I O•

' . ",olc UN[A#
\SUISfATE LDIEIOR ARAY with x=0.24, 0.30 and 0.35, which will be hence be

designated as PTC24, PTC30 ond PTC35 respectively, were

~H lii '½prepared by a reactive method as previously described (71.
/ _J I IA i I

f These ceramics were mechanized into disks of 12
mm diameter and thickness under 0.5 mm. Which were

Fig. i.-FILTER ARRAYS COUPLED TO DETELFOR ARRAYS (SPEL7RAL vacuum coated with silver on their flat surfaces, and
REnNA) polarized by applying fields of 70 (PTC24), 30 (PTC30) and

15 kV/cm (PTC35), at 120 °C, and cooling down to room
Making use of the concept of spectral retina, it is temperature without withdrawing the field.

possible to design many configurations of interferential S. ..PT( 24 7(-)kV/(m'r'
filters, with specific spectral bands and geometrical F"". . I
distributions over the array of detectors. The number of 4Q~ -'4.-F 3
individual detectors to be covered by a filter will depend on Z 01
the characteristics of the signal to be detected. The
signal/noise ratio can be improved with respect to that of an a: E
individual detector by a factor of N" 2, N being the number '
of detectors covered by each filter, because the signal
delivered by the detectors adds linearly while noise adds in
quadrature 161. 1

z.

The integration of spectral retinae may be achieved
in hybrid form (putting the array of filters, deposited on a TEMPEL- A'F1i-'E (0C)

substrate, over the detector arrays) or in monolithic form
(directly integrating the filters over the detector arrays). In
the former, it is necessary to align properly both arrays; in
the latter, the detector arrays and the interferential filter films
should be compatible in order to have a good adhesion
between them. 'TK

Two different techniques are required for the z
manufacture of multispectral arrays of IR filters. On the one
hand, optical coating techniques so as to obtain the "-
interferential filters; on the other, photolithographic o E .
techniques in order to distribute spatially the filters along the U

substrate. Optical coating techniques are usually based on
vacuum evaporation deposition processes (sputtering or
chemical vapour deposition). And photolithographic 0
techniques (masking, etching, stripping, etc.) are borrowed
from silicon Microelectronics. The integration capability of Tl'M NI 61 1]A H lffl (°Q)
filters, prepared with these techniques should, in principle,
be similar to that achieved in Microelectronics. But, in
practice, this is far from being so, because each interferential
filter is a multilayer, formed by 15 or more different layers,
and this definitely hinders the process of integration.
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Making use of the charge integration method, In Fig. 4 remanent values of d, are represented against
remanent polarization against temperature diagrams have temperature and it can be seen that the trend is very similar
been traced, for each of the compositions (Fig. 2a); and the to that of Fig. 2a.
pyroelectric coefficients have been obtained as derivates of
the previous curves (Fig. 2b). The materials that have been studied can be used to

prepare linear arrays sensors 181, over which arrays lof
Dielectric permittivities at I kHz, C', have been interferential filters can be integrated. The response of the

measured with an automatic impedance bridge. Fig. 3 shows pyroelectric array pixels is very simlnar to that obtained from
values of this quantity as a function of temperature for the individual detectors [81.
different contents in Ca. It is clear that, as [Cal increases,
the maximum value achieved by E' decreases appreciably. In order to verify the possibility of obtaining

interferential filter arrays. we integrated two narrow band-
8. pass filters on a silicon water by lift-off processes. The

PTC24filters were centred on 1.32 and 1.55 pm and were obtained
by alternatively depositing layers of germanium (highE 6 PTC30 refractive index) and of silicon monoxide (low refractive
index). The multilayer structure of the former one is

004U_ SILICON/ HLH 2L HLH L HLH 2L HLH/ AIR

S2- where H (L) designates a layer of Ge (SiO) with an optical
U thickness of X/4 (at 1.4 um). The final thickness of the

0.1. filters is of some 2.5 /.m.

E 0 100 200 300
TEMPERATURE (-C) The use of lift-off techniques for the manufacture of

IR filters was described in a previous paper [51. In the

Fig. 3.- DIELECTRIC PA•RMITTIV7TIES AT I H FOR EACH OF present case the resin used for the process was Dynachem 50

THE COMPOSTTION cps, which was spinner-deposited on a silicon wafer at 2500
rpm, so as to obtain a fil-i of 2.25 Am aprox., and then
cured at 90 °C for 1 hour.

The remanence value ot the piezoelectric coefficient
d33, after a heating process, provides some insight into the After eliminating the resin from the zones selected
reversibility of the polarization state of the samples. In order for the deposition of the filters, the wafer was taken to
to get this information, samples were heated up to the desired vacuum chamber so as to deposit the interferential (Fabry-
temperature, which was maintained for 30 minutes, and then Perot) filter.
cooled down to room temperature. Before and after each
heating process, the value of d33 was measured in a The elimination of the resin was carried on with
Berlincourt d33-meter. Macdermid S43 stripper. This stage is the most critical of

the integration process, because the total etching time of the
resin is very long (about 12 hours in an ultrasonic bath) and

1 PT,24 the filters may get damaged.
~P T C_ -TC3 0

Z C- - Following the previous process we have prepared

U ___the two interferential filters of which transmission curves in
- -the infrared are presented in Fig. 5.

0 1' )0 40(ý{
TEM PERAT(RE (-C)

Fig. .- THE REMANENCE VALUE OF THE PI17OELETC7RIC
COEFI-',CIEIVT Di,, AF=ER A HEATING PROCESS.
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75 [3] R.W. Wathmore, "Pyroelectric ceramics and
devices for thermal infra-red detection and
imaging". Ferroelectrics, 118, 241-259 (1991)
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Fig. 5.- SPECThOPIIOTOMETRIC TRANSMITTANCE CURVES OF TWO

NARROW BAND-PASS FILTERS CENTRED AT 1.32 AND 1.55 sn
INTEGRATED ON A SILICON WAFER. [7] L. del Olmo, C. Fandihio, J. L. Pina, J. Mendiola,

C. Alemany, L. Pardo. B Jimenez and E.
Maurer.Spanish Patent n' 555469 (1980) Spain.

181 R.Takayama, Y. Tomita, K.iijima, 1. ueda.
"Pyroelectric properties and application to infrared
sensors of PhTiO3, PbLaTiO 3 and PbZrTiO,
ferroelectric thin films". Ferroelectrics, Vol 118,

4.- CONCLUSIONS 325-342 (1991)

Values of the pyroelectric coefficient, dielectric
constant an remanent-d 33, show that Ca-modified lead titanate
is an excellent pyroelectric sensor. The choice of the content
in Ca will depend on the specific application; e.g., for
temperatures under 125 °C the most adequate would be
PTC30.

Making use of these materials, it is possible to build
linear sensor arrays. The response of pyroelectric array
pixels is very similar to that of individual detector [8].
Integrating over them filter arrays, it is possible to obtain
spectral retinae, with spectral and spatial resolution.

The possibility of integrating several filters over a
substrate has been proved experimentally. This supports the
idea of achieving multispectral IR sensors (retinae) consisting
of filter arrays coupled to detector arrays.
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Abstract

Congruent Mg:LiNb% with Mg concentrations x-1.4. Each excess Nb20 5 may form an intrinsic

0, 1.0, 2.7, 5.0 and 6.0 mol% are prepared. A Li-deficient defect where Nb should occupy Li-

set of defect models as consistent with tie site. The equation can be written as

density measurement are proposed. When the Mg (50-x)I. 2 0+(50+x)Nb 2 05 n2(50-x)LINbO3 +(lOx/3)

concentration (Mg) beyonds a critical value (Nb~ i Sb(1/5)VNb(4/5)O3) (1)

(Mg)c9 there would be Nb-site Mg in the form. of
Let the intrinsic defect be denoted by defect

MgLiMgNb(1/ 3 )NbNb( 2/ 3 )O, appeared in the crys- 1. The undoped congruent crystal contains 2(50

tal. The (Mg), varies as the ratio Li/Nb of the -x) perfect lattices and 1Ox/3 defect lattices

crystal and should be 5.30 mol% for the congru- 1.

"ent crystal. We propose that the optical absor- Being doped into the crystal, RgO may in-

ptions of the reduced crystals are due to de- corporate with the excess Nb 0 to form ex-

fects comprising both F centers, formed under trinsic impurity contained defects, where Rg

reduction, and different types of dipolarons. Nay primary occupy Li-site. On the basis of

When (Mg) beyonds (Mg)c, there would be (MgLi- defect chemistry, we may generally write down
the equation

NgNb)-F-(MgLi-N~b) occured in the reduced cry- 3(t |gO+Nb2Os)-(t+5)•g2t/(t÷5)Nb6/(t+5)03) (2)

stal. Which causes the abrupt change of the op- It looks like that the defect structures are

tical absorption of the crystal. It is consis- roodified by the parameter t, there may be ma-

tent with our optical absorption measurement. nifold defects in the crystal varying with (Mg)

Introduction and the process may become very complex.

The optical damage due to laser-induced However, same principles should comply with
refractive index inhomogeneities is strongly on the foundations of crystallography: 1, the

diminished in samples grown from a congruent crystal maintains local electroneutrality; 2,

melt containing MgO above a critical concentra- the bonding energy of the crystal tends to mi-

tion (Mg), . The optical absorption features and nimum, therefor, the doped impurity tends to

several other properties of the thermal-chami- be evenly distributed; 3, lattice distortion

cal reduced (TCR) crystal exhibits abrupt chan- tends to minimum, therefor there would be no

ges when (Mg) is raised above the (Mg) 0 . Which large defect cluster gathered in the crystal.
So, only several certain types of defect may

is called the Mg-concentration threshold effect., be f evar with in t he ctal
The brut cangs i phyica prperies be formed varying with (Mg) in the crystals.

The abrupt changes ih physical properties One possible defect derives from equation

of the TCR crystal indicates an abrupt change MgO+Nb2O5'MgO+(5/3)(defect 1).2(MELI, .2.NbL"
of defec' structure in the crystal when the

(Mg) is raised above (Mg)c. The main purpose of (1/ 2 )VNb(1/ 2 )Nb(l1/2)03 )

this paper is to demonstrate the relation be- Let the new defect be denoted by defect 2,

tween the (Mg)-threshold effect and the defect each KgO incorporates with one Nb 0 transfor-

structures of the congruent Mg:LiNbm_ ming 5/3 defect 1 to 2 defect 2. If there are

k MgO doped into the crystal, we may obtain
Defect Models the equation

The congruent LiNbO3 has the composition (50-x)L&20+(50+x)Nb 2 05+k MgO=2(50-x)LiNbO3 +

(Li 2 ) 50 .x(Nbio5) 50 +x, where x denotes excess (5/3)(2-k)(defect 1)+2k(defect 2) (3)

Nb2O5 in the crystal and in the present study With increasing (Kg), defect 1 decreases and

CH3080--7803-O465-9/92$3.00 ©IEEE 43



defect 2 increases. While the amount of Mg In order to determine the defect models,
equals to the amount of the excess Nb20 5 , the a group of Mg:LiNbO3 samples with different

crystal contains no defect 1 but perfect lat- (Mg) are prepared. Their density are carefully

tice and defect 2. When (Rg)-2x/(100+2x),(.2.7 measured. Assumming each lattice has an equal

24 mol, xal.4). average volume i, i can be obtained by substi-

Another possible defect with increasing tuting the experimental density of the undoped

(Mg) can be derived fran that the Li-deficien- congruent LiNbO3, d=4.637 g/cm3 into the den-

cLes in defect 1 are just filled up with Mg sity formula d-148.376/f, then 7-31.998 rel.

24gO+Nb2 0 5-AgO+2(defect 2)-2(4gL N]Nb0 3 +e)+J02  unit. Therefore, the densities of the crystals
varying with (Mg) can be calculated correspon-where Mg~iNb~O3 is singly electropositive and digteqaon(),4)nd5.

'%b03ding to equations (3), (4) and (5).

should trap an additional electron in a certain The experimental and calculated results

way to maintain the local electroneutrality. are in good agreement as shown in table 2 and
Let it be denoted by defect 3, each additional figure 1.(ref.1)

MgO, on the basis of equation (3), transforms Table 2 Density(in g/cm3) of
2 defect 2 into 2 defect 3. The equation can Mg:LiNbO3 with different (Mg)

be written as MgO(mol%) Experiment Calculation
(50-x)Li 2O+(50+x)Nb2 O5+k MgO=2(50-x)LiNbO3+ (8x E m

04.637 4.657

-2k)(defec-t 2)+2(k-2x)(defec.t 3)+*(k-2x)O2  ( 1.0 4.634 4.634

As increasing (Mg), defect 2 decreases and de- 2.70 4.631 4.629
fect 3 increases, up to k=4x, the crystal con- 5.00 4.642 4.647
contains no defect 2 but perfect lattice and 5.30 / 4.650
defect 3. When (Mg)-x/(25+x), (-5.30 mol%, x- 6.00 4.639 4.644
1.4). 9.00 4.594 4.617

If more MgO being doped into the crystal, 10.07 / 4.607
therefor, there is no Li-vacancy existed in the
crystal and Mg may occupy Nb-site. The third .66

possible defect can be derived from equation

4 I)4Mg0+Nb2O5-3(MgLiM9Nb(3/1)N~b(2/3)03) 4.6 -6

Let the new defect be denoted by defect 4, ea-

ch 3 defect 4 forms the compound Mg4 Nb 2 9 . The

chemical equation can be written as

(50-x)Li ,0+(50+x) Nb 2 05 +k KgO=2(50-x)LiNbO3+(8x

-k)(defect 3)+i(8x-k)0 2 +(3/2)(k-4x)(defect 4)
(5)

As increasing (Mg), defect 3 decreases and de- 0 2 4 6 8 V

fect 4 increases, while k=8x, the crystal con- [Mg] (mod %)-

tains neither cation vacancy nor excess Nb2 05, Fig.1. Density of Mg:LiNbO3 with

but perfect lattice and defect 4. When (Mg)=x/ different (Mg)

(25+2x),(=10.07 mol%, x-1.4). Optical Absorption Measurements
The defect models discussed are listed in The thermal-chemical reduced (TCR) Mg:

table 1.(ref.1) LiNbO3 emerge optical absorptions. TCR was
Table 1 Defect Models performed by annealing the samples in vacuum

MgO (mol%) Defects contained (10-5 mmHg) under 1000°C for 0.5h. The optical

0 1 absorption spectra due to TCR were obtained by

0 to 2.72 1 and 2 taking differential spectra between a group of
2.72 to 5.30 2 and 3 the TCR and the control samples with a Backman

5.30 to 10.07 3 and 4 5270 spectrophotometer at RT. The absorption

Density Measurement Result results are shown in table 3.(ref.2)
It can be obviously seen that the samples
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Table 3. Absorption data of TCR Crystals to dipolaron by Schiruer (ref.3), and to com-

(Mg) (mol%) 3urface//C (na) SurfaceiC (nm) plex defects composed by F center with differ-

0 514 325 ent types of dipolarons by us (ref.2), respec-
540 515 tively. The TCR heavily Mg-doped crystal ener-600

1.0 514 325 gas a band near 14/0 no instead of the visible

540 515 bands of the lightly Mg-doped crystals. Its
595 origin was ascribed to Mg+ (ref.5) and to the2.7 514 32b f i he(e.)
230 515 appearance of Mg2÷ in the Nb5÷-site (ref.7).
575 According to the stacking fault model of

5.0 514 325 congruent LiNbO0, there would be NbLi adjacent
530 515
590 to NbNb forming NbLi-NbNb dipolarons. The oxy-

6.0 780 1400
6_ 1470 140 gen adjacent to the dipolarons are more ther-

with (Mg) below or equal to 5.0 mol;4 emerge mally unstable. They may be prior to escape

similar broad visible absorption bands. However from their lattice-site and form F centers un-
the sample with (Mg) raised above 6.0 molt ex- der TCR. Since the bonding of an Nb5 + ion to

its neighboring 02+ ions has a rather covalent
hibitan eaburut candemges oftheptical absorp-n behavior, it tends to trap additional electron.
tion features and emerges infra-red absorption Therefore, the two electrons from the F center

band instead of visible bands. And the critical should be shared with two adjacent Nb5+ forming

Mg concentration (Mg)c occurs in the region a (NbLi-F-NbNb) defect. This defect has as its

5.0-6.0 mol%.
main features the F center and a NbLi-NbNb di-Existence of Oxygen Vacancy under TCR

There are several arguements against the polaron. The Nb5+ ions adjacent to F centers
would share F electrons with the oxygen vacan-existence of oxygen vacancy in the crystals cies and exhibit partly Nb 4+ behavior. This

under TCR depending on the fact that the den-
sity of the crystal increases under TCR.(ref.3 center is associated with the Nb antisite, so

and 4) its concentration decreases with increasing

Oxygen may escape from their lattice-sites Li/Nb ratio in the TC} undoped crystal. We

in different ways. If an oxygen escapes from propose that the optical absorptions of the

its lattice-site leaving a Schottky defect, the TCR undoped crystal are mainly caused by this

density of the crystal decreases. If it escapes center, which is consistent with the observa-
density stion of Garcia-Cabanes (ref.8) that the opti-
from its site leaving a Frenkel defect, the cal absorption strongly decreases with increa-

density of the crystal maintains unchanged, sing Li/Nb ratio.
However, if it escapes from its site followed In lightly Mg-doped LiNbO3 with (ng) 2.70

by a lattice contracting under TCR and leaving

no lattice vacancy, the density of the crystal mol%, as (Mg) increases, the NbUiNb~b would

increases. In fact, the density variation of progressively replaced by MgLi-NbNb dipolarons.

the cryital. under TCR re.les on ne ra- of Under TCR, the oxygen adjacent to the dipola-

the ways oxygen escaping from their lattice- rons may also prior to escape from their la-

sites. Therefore, we believe that oxygen vacan- ttice-sites and form F centers. In this defect,
cies can be formed and yet be attended by an both Mg and Nb have partly covalent behavior

increase of density under TCR. and would share F electrons with the oxygen

Origin of the Optical Absorptions vacancy, resulting in (MgLi-F-NbNb) defect.

The optical absorptions caused by TCR of Since the (MgLi-F-N b) and the (Nb u-F-NbNb)

undoped and lightly Mg-doped congruent LiNbO3  are comparable in structure, they should pos-

are characterized by a strong, thermally sta- sess similar optical absorption features. And

ble, and broad band peaked near 514 no with the (MgLi-F-Nbb) defect formed under T(. is

two small shoulders on its longer wavelength associated with defect 2 in the crystal.

side. Its origin was interpreted to F center The crystals with (Kg) between 2.70 and
by Sweeney (ref.5) and Arizmendi (ref.6), and 5.30 mol% contains defect type 2 and 3. In de-
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feet type 3, the monovalent Li-deficient is of the existence of other types of minor de-

just filled up by a divalent Mg2+ ion and an fects, but we may use it to evaluate (Mg)c

additional electron is trapped, its neighboring a

oxygen is thermally more stable against F cen- approximately. The curve of ( cg) varying with
ter formation. Therefore, we believe that the the parameter x is approximately a straight
optical absorptions of the TCR lightly Mg-doped line. In the present study x-1.4, for congru-

crystal are mainly caused by the (Nb Li-F-NbNb) ent crystal, the (Mg)c should approximately be
and (MgLi-F-Nbb) defects. So the crystals with

(Mg)c-5.30 molt, in the region 5.0-6.0 sol%.

(Mg) between 0-5.30 mol% have similar optical

absorption features. According to our optical absorption measure-

The heavily Mg-doped crystals, with (Mg) ments and other experiments (ref.7), the (Mg),

between 5.30-10.01 mol%, contain defect type 3 falls in the region 5.0-6.0 molA. Our theore-

and 4. The electrically neutral defect cluster tical result coincides with the experiments.
formed by three defect 4 is stacked by two ca- Reference:
tion prism in the C direction with an owygen (1) Qi-ren Zhang and Xi-qi Feng, Phys. Rev.B,

at the center of one prism and surrounded by 43, pi-ren 1991.one Nb~b, one MgN•, and two Mgi Since both 43, pp. 12019-12024 , 1991.
2oand NNbt hane pardtly covaleSint e behvorh (2) Qi-ren Zhang and Xi-qi Feng, Phys. Stat.

Mg2+ and Nb5+ have partly covalent behavior, Sol. (a) 121, pp. 429-435, 1990.
this oxygen is thermally more unstable than all (3) 0. F. Schirmer, 0. Thiemann and M. Wohle-

the other oxygens and is easy to escape under cke, J. Phys. Chem. Sol.52, pp. 1b- 1991.

TCR, resulting in a (MgLi-'gNb) -F-(KgLi-NNb) (4) D. D. Smyth, Ferroelectrics 50, 93, 1983.

defect. This defect has as its main features (5) K. L. Sweeney and L. E. Halliburton, Appl.

the F center and both the (MgLi-MgNb) and the Phys. Lett. 43, 336, 1983.

(Mgi -NbNb) dipolarons. The two F electrons in (6) L. Arizmendi, J. 1. Cabrera and F. Agullo-
Lopez, J. Phys. C, 17. 515, 1984.

this defect are shared by the four partly co- (7) Xi-qi Feng, Qi-ren Zhang and Jianchen Liu,

valent cations, it raises the ground state of Sci. China 33 (i), 108, 1990.

the system and makes the optical absorptions (8) A. Garca-Cabe.es, J. A. Sanz-Garci'a, J.

of the center shifting to the infra-red region, M. Cabrera, F. Agull0-L6pez, C.Zaldo, R.

Therefore, the TOR heavily Mg-doped crystals Pareja, K. Polgar, K. Raka-nyi and I.

with (Mg) raised above 5.30 mol% exhibit an Foldvari, Phys. Rev. a 37, 6085, 19c8.

abrupt change on the optical absorption lea- (9) Xi-qi Feng and Qi-ren Zhang (unpublished)

tures. The appearance of MgNb in the heavily

Mg-doped congruent crystals has been confirmed

by 0H- infra-red absorption measurements (ref.

9).

The Relation Between (Mg) Threshold

Effect and the Defect Structures

The (Mg) threshold effect makes the con-

gruent Mg:LiNbO3 exhibiting abrupt changes on

physical properties when (Mg) raised above a

critical (Mg),..It implies an abrupt change

of defect structure in the crystals when (Mg)

is raised above (Mg)c . We proposed that the

(Mg) threshold effect is originated from the

appearance of MgNb. According to above dis-

cussions on defect structures, KgNh appears

in the crystal when (Mg) exceeds x/(25+x).

However this is not a precise formula because
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OPTICAL ASSOCIATIVE MEMORY USING PHOTOREFRACTIVE LiNbO3:Fe HOLOGRAM,

AND LiNbO3:Fe AND BaTiO 3 PHASE CONJUGATE MIRROR

Zhiming CHEN, Tadashi KASAMATSU, Masaru SHIMIZU and Tadashi SHIOSAKI

Department of Electronics, Faculty of Engineering,

Kyoto University, Kyoto 606-01, Japan

Abstract single crystals as phase conjugate generators using the DFWM

and SP methods respectively. A high reflectivity was obtained andExperimental results were presented for phase conjugate wave

generation, and the possibility of an application to an optical asso- the generator was then applied to an all-optical associative
memory. In this paper, we will describe some of the results ob-

ciatve emoy ws dscused Usng n ion-ope lihiu ni- tmied concerning the phase conjugate generators and their applica-

bate single crystal, more than 300% reflection efficiency was
tion to the optical associative memory.

achieved by the degenerate four-wave mixing method, and it was

almost independent of the total incident optical intensity. The

generator was then applied as a phase conjugate mirror to an all- Phase Conjugation by Four-Wave Mixing Using UNbO 3:Fe

optical associative holographic memory to reflect and amplify the A Y-cut LiNbO3 :FcO.09mol% crystal with a thickness of 3.3

diffracted beams. The retrieved output image was formed by using mm' 9 ) was used for this study. This crystal showed an absorption

partial input illumination. Using a barium titanate single crystal, coefficient of 1.9 cm-1 at a wavelength of 514.5 nm. Figure 1

about 70% stable phase conjugate reflection was obtained by the shows the experimental arrangement for degenerate four-wave

self-pumping method. In order to accelerate the speed of the mixing. An Ar ion laser operating at 514.5 nm was used and the

generation, a new method, called acccierated-SPPC, was present- light polarization was parallel to the incident plane. The external

ed. incident angle 20 was 11 and the internal angle 20i was about 50.

Here, the backward pump beam lb was adjusted incoherently with

Introduction probe beam I p and forward pump beam If (the optical path differ-
ences were more than 40cm), so only a transmission grating (single

There have been many reports on the photorefractive (PR) effect

in such crystals as L~iNbO 3 , BaTiO 3 , Bil 2SiO 2 0, Bi 12 TiO~, and grating) was induced by the coherent "writing" beams I1 and If.

This grating was monitored by the diffraction of Ib, (called the
BaSr,-,Nh2 O,.-8) The PR effect has been studied for applications ."reading" beam) to produce a fourth "output" beam Ic which was

to optical amplification, phase conjugate wave generation, optical

storage and optical information processing because large optical conjugate wave increased in the initial stage of the beam-coupling

interactions can be produced in the photorefractive materials using and then decreased after a peak because of optical damage. In our

a light source with the lowest possible intensity. The study of experiment, the maximum intensity was defined as I, and the rela-
phase conjugate wave generation has become one of the most

promising research fields since the initial studies began in the early

1970s.9) Owing to optical distortion correction, whereby all dis- x • v

tortions in the wavefront of the incident laser beam are reverse.' c

upon reflection from the phase conjugate mirror, a wide variety of LiNbO 3:Fe

potential applications have been demonstrated.' 0 -13) LiNbO3:Fe Forward Pump Beam

and BaTiO 3 single crystals are useful materials for phase conju- If 26,

gate generation using degenerate four-wave mixing (DFWM), P B 0 Backward Pump Beam

self-pumping (SP) and mutual pumping (MP) methods, as is well Probe Beam l b

known.'
4 18)

Phase Conjugate
However there have been few papers reporting on phase conju- Beam tc

gation by DFWM in liNbO 3:Fe and self-pumped phase conjugate I x

generation from BaTiO 3 with a stable and high reflectivity. The 0 d

purpose of this study was to investigate LiNbO 3:Fe and BaTiO 3  Fig.l. Expcrimnental arrangCnlcnt for four-wavc mixing.
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2) A BaTiO 3 single crystal2t ) of 2.6mmx2.8mmx3.8mm(c) with an

Fig.3. Total intensity B)depndence of phase conjugatec absorption coefficient of 1.5 cmt at 514.5 nm was used for this
F+ihreflectivity R with a=. study. An extraordinary polarized beam from a 514.5-nm cw Ar

ion laser was used to study the response of self-pumped phase

live time was defined as the response time t hma The dependence of conjugation (SPPC). In order to obtain the stable output of SPPC,
the reflection efficiency R=lc(0)/l,(0) on the pump ratio we changed the incident light position and, the region from 1.6 to

r slb(d)/inO) was measured. The inset of Fig.2 shows the depend- 2.0 mm from +c face was found to bc the most suitable region to

ence of the reflectivity with If=1.2mW/CM2 and felpn(O)/If()=0.1 obtain a stable output of SPPC in the crystal. Hence, the incident

on the pump ratio of r ranging from =, to 1. The dependence oh- position was selected at about 1.8 mm from the +c face in this

served was clearly linear for small r. te dependence of the rcflec- experiment. The diameter of the incident pump beam 1,, was

tivity with lb=8 3 mWscm2 and t=t.05, t.1 and 0.2 on r with a range focused down to about 0.3 mm by a convex lens. During icas-

of I to 25 is shown in Fig.2. Because the real part of the coupling urpments, the recorded gratings in the crystal were photoerased by

coefficient y-r/2+ir, was dependent on ý,2t)) the reflectivity R with a strongly uniform illumination. A stable response of SPPC 1. was

P~=0.05 showed a large value of more than 300%, and a amplified observed, as shown in Fig.5. The T, and Tr, were defined as delay

11, beam was created. This demonstrated the material's potential time and response time respectively. The external angle 0, of

for use in optical associative Memories. Figure 3 shows that the incidence of the pump beam to the entrance face was changed from

phase conjugate reflectivity R with Pl=O.I is independent of the 60 to 380. The dependence of the reflectivity RP[/, with

total incident light intensity 'o=lp~lf~lh. In Fig.4 the dependence of I,P=0. 61mW on the incident angle 8 s, is illustrated in Fig.6. The

the response time T,,., on the incident total intensity In was pre- measurement in Fig.6 shows that a high reflectivity of the SPPC of

sented. It can be seen that a total energy of about Et.m=2Oi/CM 2  about 70% could be induced within an angle of 16' to 300. This

was needed to produce 1, in the crystal. result shows the possibility that the SPPC could be directly ap-

48



0 1 1 104

0 0 0

* 0

0o

0.6-.

00 EA
0. 0.4

e0 C0
0l.

10-10 20 1040 01
Incident Angle 0., 'a

90
Fig.6. Incident angle t, dependence of SP phase conjugate wave n c

riflectivity R. with incident beam intensity nle=.61 mW. E to

.~10,
plied to an optical associative memory to reflect the diffracted 0)

beams if a readout beam with a power of 40 t4W was used. In Fig.7
the dependence of the delay time, and response time r -2 on the se
intensity of pump beam is presented. It indicated that a total An f
energy of about 12.5 mu was needed to create the self-pumped 100 1 1 101

phase conjugate wave and about 54.2 mm was needed to achieve Incident Lght Intensity laop (mW)
90% of the full output. For a low-power I., the response time was Fw7. Incident beA intensity 1, dependence of
so long that the application would be limited. For the purpose of deX s B e (0) &W rense timte d (A).
solving the problem, we used a new method called accelerated-
SPPC. In Order to accelerate the generation of I., a strong light reflected from the phase conjugate mirror. These beams run back
beam, which was coherent with the weak 1h, was led into the same to the hologram and illuminate it from the opposite side. This
incident position in the same incident plane with an angle of about results in an output most closely resembling the input or a retrieval

20 to IVn* The result was that the response time of I. was acceler- of the stored image on the screen.
ated more than 100 times and became as quick as that of the strong An X-cut LiNbO3:Fe0.09mol% sample with a thickness of 1.8
beam. mmn was used for the real-time holograph in the optical associative

memsory. 3i) The configuration of an optical associative memory
Application to Optical Associative Memory system is shown in Fig.8. A half-prism and a pinhole were fixed

to an X stage. Because the focus of lens L2 was adjusted into the
The basic principle of the optical associative memory is as hologram crystal, by moving the X stage the incident angle of the

follows. Several (N). images ar recorded in a volume hologram by reference beam I, could be changed and multiple images were

using a separate reference beam for each. In the associative step, a holographically recorded. The signal beam , was expanded to
certain input image (or a partial one) is illuminated only with the 15mm to carry images and was then focused into the crystal by
signal beam. As a result, N diffracted beams centered angularly in lens L,. The LiNbO3:FeO.O9mol% crystal mentioned was used as
the direction of the reference beams are created, with intensities the phase conjugate mirror to amplify and reflect the diffracted
corresponding to the correlation coefficients between the input and beams.
the stored images. The diffracted beams are then amplified and In the writing step, an image s (Fig.9(a)) was placed at the input

Ituse HM: halr mirror; PtH: pinhole; L: lens.

M 6

Fig.8. Configuration of optical associative memory system.
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Conelusalos

PR crystals UNbO 3:Fe and BaTiO 3 Were investig~ated as a phase
conjugate generator, and more than 300% and 70% reflection effi-

~cienicies were obtained, respectively. Using the former generator in

an optical associative memory, we observed retrieval of the stored
image by a partial input. However. some problems remained to be

(a) (b) solved, in particular, the degradation of the information in the

writing and reading steps. The results of the latter generator
demonstrated a possibility that the accelerated-SPPC could be

directly applied to an optical associative memory to reflect the
diffracted beams if a reade ~t beam with a power of 40 psW wasEu used.
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THE EFFECT OF DYSPROSIUM ON THE MICROSTRUCTURE AND DIELECTRIC
PROPERTIES OF (Bar..Sr.)TiO, CERAMICS

HONG-WEN WANG and DAVID A. HALL

Materials Science Centre, University of Manchester
Grosvenor Street, Manchester MI 7HS, United Kindom

ABSTRACT grained BaTiO, ceramics. Arit et.al. suggested that the absence

of 90' domains in Yamaji's worlk[71 might be a result of cation

A study was performed on the microstructure and vacancies produced by the donor dopant, since it was known that
dielectric properties of barium strontium titanate ceramics having lead vacancies have a strong influence on the formation and
compositions (Ba, ,Sr,)TiO,. and (Ba, .,SrDy1,1,)TiO1 , with x in mobility of ferroelectric domains in Pb(Zr,Ti)O.l1l

the range from 0 to 0.3. In all cases, the addition of dysprosium It seems likely that a treatment incorporating aspects of
resulted in a marked reduction in grain size. from =',0 pm to both of these models (ie. internal stress and the presence of 90'
--lpLm, which was accompanied by a substantial increase in domains) may provide the correct explanation. Recently, Arlt

dielectric permittivity below the Curie temperature. Furthermore. and Pertsev'l have suggested that the high permittivity is actually
the peak in permittivity at the Curie point was strongly due not solely to the increase in domain wall area, since the
suppressed by Dy-doping, and the phase transition range became effective force constant for domain wall displacement is inversely
broad and diffuse, particularly at the higher levels of strontium. proportional to the domain width, but to an additional increase
TEM observations of a high density of dislocations and an in domain wall mobility as a result of the reduced tetragonality
inhomogeneous distribution of strontium within the grains of fine-grained ceramics.
suggest that the chemical segregation of strontium is largely In Ba,6Sr 1jcsiO 3 ceramics, Osbond et.al.001 1 found that
responsible for this diffuse phase transition behaviour, the permittivity below the Curie temperature for fine-grained

(=I pm) materials was lower than that for coarse-grained
I. INTRODUCTION materials. in contrast to the situation for BaTiO3. The present

study was carried out in order to provide further information on
Barium titanate ceramics have been used extensively as the grain size-property relationships in barium titanate-based

capacitor dielectrics for the past 40 yearsl 1 . Over this period, materials, and to clarify the apparently anomalous result for
n,:meious studies of the dielectric properties of barium titanate- Ba,)sSr,)jTiO 3 ceramic. Barium strontium titanate ceramics
based ceramics have been carried out. Pure BaTiO 3 undergoes were prepared having compositions (Bal_,SrjTiO, and (Ba0.,.
a paraelectric to ferroelectric phase transition at 130"C, which is •Sr.Dy,, 0,)TiO 3. with x in the range 0 to 0.3, dysprosium being
accompanied by a sharp peak (Er = 10,000) in the dielectric employed as a grain growth inhibitor.
permittivity. Isovalent dopants. such as strontium or lead, are
often employed to lower or raise the Curie point for particular If. EXPERIMENTAL PROCEDURE
applications. However. coarse-grained ceramics still possess many
und:sirable characteristics with 'espect to their use in stable The starting raw chemicals were high purity BaCO 3, TiO2,
capacitors, notably a strong dependence of permittivity on SrCO3, and Dy20 3 (all >99%). Specimens were prepared by the
temperature and electric field 123 1. As a result, extensive efforts conventional mixed oxide method. The compositions prepared
have been made to produce fine-grained ceramics in which these were (Ba1 1Sr,,jTiO, and (Ba0 .,Sr.Dy0 .01)TiO3.with x =0, 0.1, 0.2,
characteristics are less pronounced. and 0.3. these being referred to as BT, BIST, B2ST, and B3ST

Fine-grained barium titanate ceramics (grain size = I pm) (for the non-Dy-doped materials), and BDYT, B1SDYT,
possess a high permittivity at room temperature (c, = 3000-5000) B2SDYT, and B3SDYT (for the Dy-doped materials). Each
and show relatively stable dielectric properties over fairly wide batch was ball-mixed in a polypropylene bottle with ZrO2 balls
ranges of electric field and temperature. The mechanism and 99.57( pure ethanol for 4 hours and subsequently calcined
responsible for the high permittivity in fine-grained materials has at a temperature of 1000'C for 4 hours in a pure alumina
been discussed by several authors, but a comprehensive and crucible. The calcined powders were then ball-milled for 4 hours
universally-accepted explanation has yet to be presented14 61  and dried on a hot plate. The dry powder cakes were pulverized

Yamaji et.al.'71 found that incorporation of 0.8 at% Dy (a using a mortar and pestle and then pressed in a steel die at 200
donoi) on the barium site caused an increase in permittivity (Er MPa to produce 10mm diameter green disks. These disks were
S 3000) and a reduced dependence of E, on temperature and th'i sintered at a temperature of 1400'C for 4 hours.
D.C. bias voltage. The materials were said to have a fine-grained The sintered samples were polished and electroded using
(=-1.25 pm) microstructure and a reduced frequency of 900 Dupont 7095 silver paste. Dielectric properties were measured by
domains (only 10% of the grains showed 900 domains). The a digital LCR meter (HP4284A) from -20'C to 150 0C using a
results were interpreted in terms of the model developed by heating rate of 3YC/min and a recording interval of 2'C.
Buessem et al. 14•1, which assumed that the width of ferroelectric Microstructures of polished and subsequently chemically or
900 domains in BaTiO 3 ceramics remains constant at = 1 gm. The thermally etched specimens were observed by SEM. TEM
high permittivity of the fine-grained ceramic below the Curie specimens were prepared from the bulk materials by mechanical
point is then attributed to the internal stress generated from the thinning followed by ion bombardment with 5kV accelerating
cubic-tetragonal phase transition on cooling, voltage and 140 incident angle. The microscopy was done using

In contrast, Arlt et.al.161 found very fine 90' domains a Philips EM400T operating at 120kV. Chemical microanalysiE
(width =0.I pLm) in BaTiO3 ceramics with a grain size of 0.5 pm, was carried out by nanoprobe energy dispersive X-ray analysis
and suggested that the average width of 90' domains is (EDX). Crystalline phases in the bulk materials were identified
proportional to the grain size for grain sizes in the range 0.1 to by XRD using CuKa radiation, the (002) and (200) peaks being
10 pm. In this case, it was suggested that 90" domain-wall motion used to estimate the tetragonality of each composition.
might play an important part in the high permittivity of fine-
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Ill. RESULTS x1000 r- .. . .. . ..... .
; ~I1

(I) Sintered density. grain size and tetragonality 12 FOYT
The sintered densities, grain sizes and tetragonalities for 10F 81ST

all specimens investigated are shown in Table 1. It is evident that . 5. BiSDYT
the Dy-doped materials always have a higher sintered density and
finer grain size than the undoped ones. It is well known that t- 6- 82S1
dysprosium is an effective grain growth inhibitor in BaTiO3

17 1 and W 4- B2SOYT
from these observations it is clear that it functions in a similar
manner in barium strontium titanate ceramics. 2r -- -

All compositions studied were pure perovskite phase after
calcination. The c/a ratios in sintered bodies show that the 40 60 80 100 120 140
tetragonality of the unit cell was reduced as Sr content increased. Fig.i(a) Dielectric permittivity of BT, BIST, V2ST and the
The further reduction of c/a ratio in the Dy-doped materials may corresponding Dy-diped compositions BDYT, BISDYT, and
be due to the combined effect of the slight increase in the Sr/Ba B2sDYT.
ratio and the reduction in grain size171. xOOO .....0

11'- 935
Table 1. Sintered Density, Grain Size and Tetragonality for Each 10- B3SOYT
Composition. 9

B3SOYTSC
Composition Density Grain size c/aratio 8-

I.D. (g/cm) (7m)-

BT 5.72 20-100 1.0100 5
BIST 5.69 20-100 1.0080 it
B2ST 5.68 20-100 1.0060
B3ST 5.67 20-100 1.0035 '_"-
2DYT 5.92 0.5-1.5 1.0095 -20 0 20 40 60 8o
BISDYT 5.85 0.5-1.5 1.0068 TEMPERATURE (T)
B2SDYT 5.73 0.5-1.5 1.0040 Fig.l(b) Dielectric permittivity of B3ST and B3SDYT. TheB3SDYT 5.71 0.5-1.5 1.0000 dielectric permittivity of B3SDYT is relatively independent of the

I cooling rate after sintering. Similar behaviour is observed for
samples subjected to cooling rates of 10C/min (B3SDYTSC),

(2) Dielectric properties furnace cooling (= 50C/min, B3SDYT), or air quenching from
Significant variations in dielectric properties were II 00-C (B3SDYTQ).

observed as a function of both Sr-and Dy-doping, as shown in
Fig.l. The most pronounced effect of the addition of strontium
is a reduction in the Curie temperature, with a shift - 3°C/at%
Sr, it. accord with previous resultsi1 . The reduction in grain size
caused by the addition of dysprosium was accompanied by a
depression of the peak in permittivity at the Curie point and a
general broadening of the phase transition, which became more
pronounced as the level of strontium increased. For the materials
containing 30% strontium and 1% dysprosium, the dielectric
properties were relatively independent of the cooling rate
employed, as shown in Fig.l(b). Unfortunately, it was not
possible to obtain a reliable measurement of the dielectric
properties of materials quenched directly from the sintering
temperature due to their semiconducting nature.

For all compositions, it is evident that the fine-grained, (b)
Dy-doped materials always exhibit substantially higher values of
permittivity in the ferroelectric region below the Curie point.

(3) Microstructure
Domain patterns for the BT and BDYT specimens are

shown in Fig.2. The domain width in pure, coarse-grained
BaTiO3 is estimated as 0.5-1 ILm. Unfortunately, the domain
pattern in fine-grained BDYT was not easily revealed by
chemical etching. From the TEM micrograph shown in Fig.2(b),
it appears that in this material the laminar domains initiate at
grain boundaries and stretch into the grain. The domain width
was estimated to be 0.1 pm, which agrees with that reported by 0.5 -tm
Arlt et.al. for pure BaTiO,/¶, but the frequency of 90* domains is
not consistent with Yamaji's workt 71. To eliminate the artefacts Fig.2 (a) Polished, chemically etched section of coarse-grained
caused by ion-beam bombardment, we also observed the domain BaTiO 3 ceramic. The width of the domain is - 0.5-1 gm,
structure after heating the TEM specimen up to 200'C for 1 hr depending on the grain orientation. (b) Domain structure in Dy-
then cooling to room temperature. This suggested that fine doped BaTiO1 as observed by TEM. The domain width is - 0.1
domains do exist in fine-grained Dy-doped BaTiO3. The ipm.
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remaining doubt is whether the domain structure in a thin foil is
the same as that of the bulk material due to the difference in
mechanical constraint.

Clear and well-defined domain structures were not
observed in the fine-grained B3SDYT sample at room
temperature. Instead, a core-shell like structure was observed,
with the core characterized by a high-density of dislocations
(Fig.3). In addition, there were many strain spots within the fine
grains, which became more evident under electron bombardment
duii•g observation. However, when the temperature dec;eased
down to -60"C, the domain structures became clearly evident. O05 m'Ur
Fig.4 shows the domain structures at -20"C and 40"C obtained by
heating the thin foil from -60"C to 60"C. When cooling down to -
20O`C again, these domains reappeared The domain structures A:CENTRE Ba/Ti B:BOURDAHRY
observed at low temperatures suggest that the contribution of Ba/ Ti

domain walls to the permittivity of B3SDYI in the tetragonal
phase region may still be important. Nanoprobe EDX analysis
indicated that Sr in the shell region (near grain boundaries) is Sr

Sr

2 4 61v 2 4 6Kv
Fig.5 Nanoprobe EDX shows that the Sr content in the grain
boundary region was higher than that in the grain centre region.

higher than that in the core region, as shown in Fig.5. This might
be due to the segregation of Sr to the grain boundary, which
resulted in DPT characteristics.

< IV. DISCUSSION

(1) Grain growth inhibition and diffuse phase transition
behaviourIt is well known that donor dopants act as effective grainFig.3 Dislocations in the core region of B3SDYT grain, growth inhibitors when present in concentrations greater than aObservation was performed at room temperature. certain threshold level [D1,. For dysprosium, it is found that JDJ.

vj y 0.4 at% 171" The transition from coarse to fine-grained
to •coincides with a transition from semiconducting to insulating
w behaviour as a result of a change in the mechanism of charge

X "compensation, from electronic:

Dy 203 + 2T,02 -. 2Dya +,271 60,' 0 2el
2S",•%•to ionic:

2Dy20, + 3Ti02 - 4Dy, + 3771 + 120 +'

In the latter case, it is assumed that titanium vacancies
"will be the dominant cation defect[t11 . Recently, Desu and
Payne1 21 have put forward a comprehensive model which

0.5 um •suggests that the donors might segregate to the grain boundaries.
£ and therefore impede grain growth. The inhibition of grain

S(b) growth results in continuous densification, fine-grained
microstructures, and a high sintered density, as observed for all
our Dy-doped specimens. It is known that rapid grain growth

leads to intra-granular porosity which impedes densification in
the final stage of sinteringl"I. as observed for the non-Dy-doped
materials.

The broadened permittivity-temperature characteristic in
.... fine-grained BaTiO 3-based ceramics, termed "diffuse phase
.. transition" (DPT), is important for commercial temperature-

stable capacitor applications[4 1. Additives such as ZrO.2
15 l,

CdBi2Nb2 0 9[i61, and Bi 4TiO2 11
71 have been employed to achieve

this requirement. The microstructures of these ceramics are often
,.0.5 jm - characterized by a core-shell structure, comprising a core offerroelectric domains and a paraelectric shell. It is believed that

Fig.4 (a) Domain structure of B3SDYT at -201C. (b) Disappearance this core-shell structure is due to compositional fluctuations
of the domain structure of B3SI)Y [ at 40-C. The domain structure during sintering and is the origin of the macroscopic DPT
reappeared when the specimen was cooled down to 201C again, behaviour in BaTiO3-based materials1, 4 1 . The model given by
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Desu and Paynel' 2 1 explains the interfacial segregation in BaTiO 3  it has not yet been possible to determine the lattice parameters

and SrTiO, ceramics, in which the isovalent dopants segregate to of all the materials in the tetragonal region, and the dielectnc

the interfacial regions (grain boundaries), in terms of strain behaviour is further complicated by the segregation of strontium.

energy considerations. The higher the strain energy, the greater Further work will be required in order to clarify the

the driving force for segregation. For example, the Ba/Ti ratio effects of strontium segregation, and to quantify the domain wall

observed for 10 atZ, Ba` in PbTiO,, SrTiO 3 and CaTiO3  and volume contributions to the high permittivity of the fine-

ceramics at the interface was 0.162, 0.24, and 0.532, grained materials. In particular, this will involve the preparation

respectively.11 21 In the present study, a core-shell like structure of materials by 'chemical' methods, which should produce a more

was observed in fine-grained Dy-doped barium strontium titanate homogeneous initial distribution of strontium, and the fabrication

but not in fine-grained BaTiO, and non-Dy-doped (Ba,Sr)TiO,. of fine-grained barium strontium titanate ceramics without the

T`ie segregation of Sr near grain boundaries was also observed use of a donor dopant.
in the former sample. This could be explained if we take grain
boundaries as a segregation sink for isovalent ions. For a fine CONCLUSIONS
grain size, such as 1 pm in our case, the grain boundariy region
can not be ignored. The segregation of Sr toward the grain The dielectric properties of fine- and coarse-grained (Ba,
boundaries from the grain centre will cause lattice mismatch and 1SrJ)TiO3 were measured and correlated with their

internal stress within the grain which will subsequently produce microstructures. All of the fine-grained materials exhibited a
dislocations when the Sr concentration is sufficiently high. The higher dielectric permittivity below the cubic-tetragonal phase
DPT behaviour observed in the Dy-doped barium strontium transition than that of the coarse-grained materials. With
titanate can thus be attributed partly to an inhomogeneous increasing levels of strontium, the peak in permittivity at the
distribution of strontium. For the coarse-grained, non-Dy-doped Curie point was suppressed and the phase transition region was

(Ba 1 _,SrJTiO1 materials, the influence of strontium segregation broadened. TEM observations suggest that domain-walls may

on the dielectric behaviour should be negligible. For example, if make a substantial contribution to the high permittivity of the

we take the effective thickness of the strontium rich layer as 0.25 fine-grained ceramics, and that the DPT behaviour is due to the

prm, the proportion of the total volume occupied by the combined effects of compositional heterogeneity and internal
segregation region would be = 75 % for the fine-grained materials stress.
(grail, size I I pm) and only 2 % for the coarse-grained ACKNOWLEDGEMENTS
materials (grain size = 50 prm). Hypothetical strontium
concentration profiles within fine and coarse-grained materials The authors would like to thank Mr. G. Cliff for
are presented in Fig.6. o.25pm assistance with the TEM work and the Nuffield Foundation for

WI - financial support.
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GRAIN SIZE EFFECr7 ON THE DIELECTRIC PROPERTIES OF
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University Park, PA 16W02

Abstract: It this paper, tile grain size effect observed on the Ba(ZrTi1-)O3 etc.. is essential to tailor the microstructure of finedielectric properties of Srt 2Bao 8 TiO) (SBT) ceramic is repo)rted. grain thin layer MLCs and thin films. In this paper, we describeFor this study. SBT powder prepared by a hydrothermal procedure the grain size effect on the dielectric properties of Srq -,Ban gTiOjwas used. A porous ceramic was prepared by sintering (fie powder cerampic. We have used conventional and 'fast firing' schedules tocompacts between I IOW0C-1 350'C/Snmin.- IOh, either by prepare ceramics with differing densities. The size effects wereconventional sintering or by 'fast firing'. When the average grail studied through microstructure, XRD, dielectric, and P vs. Esize of tile ceramic was between 0.75-1.2 gin. the room hysteresis behavior.
temperature dielectric constant peaks to 5500-60(X). In porous fine
grain ceramic also, classic P vs. E hysteresis behavior is observed. Experimental

Introduction For this study, Sr 0 .2Ba 0 .gTiO 3 powder, prepared by
hydrothermal procedure. (Cabot Corporation. Boyertown. PA) wasGrain size effects on the dielectric properties of BaTiOl has used. Tlhe B. F. T. surface area of the po~wder is 14.6 ,n/mThebeen an active area of research over three decades. Ever since, SEM micrograph of the powder (Fig. 1) clearly shows the sizeKniekamp and Heywangl II reported the observation of uniformity.

anomalously high room temperature dielectric constant in BaTiO 1  Ty.e powder was blended with appropriate amount of PVAceramic with all average grain size of I pml. several res-arch solution and glycerol. Pellet preparation and binder evaporationarticles appeared in the literature. Careful literature review procedures are elaborated in Ref. (61. Binder removed pellets wereindicate that the observed grain size effect is a strong function of sintered between I i() C and 1350"C for 5min.-10h in a cleanseveral external and a few internal variables. Effect of chemical furnace. For conventional firing, heating and cooling rates werepurity, preparation procedure. initial particle size distribution of tile maintained as 40"C/h. For 'fast firing', the samples were heated topowder, final grain size distribution, resistivity of tie grains atid 950"C at a rate of 400'C/h and then to the soak temperature atthe grain boundaries and the density of the ceramic etc., should be 10(Xr*C/h. They were cooled to room temperature with a similarconsidered as external contributions to the dielectric anomaly. schedule. Bulk density was measured only when tile density of theThrough careful preparaý.on it is possible to minimize the effect of sintered samples were greater than 90% theoretical. For the rest of
external variables. the sarmples, geometrical densities are reported. Procedure forWhile discussing the intrinsic effect, it is necessary to dielectric and P vs. E measurements are elaborated in Ref. 171.consider time boundary conditions very carefully, Buessem et
al..121 prepared high density ceramic with varying grain sizes.
SEM analysis of the fine grain ceramic showed fewer ferroelectric
domains as compared to coarse grain ceramic. It is well known
that in a coarse grain ceramic, the volume change associated withthe cubic to tetragonal phase transition is minimnized through z <~domain fonnation. In fine grain ceramic, grains without multi- .. . Ail
domains will induce stress of complex nature on other grains. -4 "1Anomalous increases in the dielectric constant of fine grain
ceramic are explained as a direct consequence of the stress.Atli et M., 131 on tile other hand. observed that the domain it.ft-•ir-t
size is a strong function of grain size. Through SEM and TEM ',,,,]observations, they observed an increase in the domain density . . . . ,.when the average grain size of the ceramic was between I pm anI " # ' v.10 gm. Additionally. the domain size reduced as a function of " -grain size. They proposed that the increase in room temperature 4,',j,dielectric constant is at least par:ially uue to the increase in domain' " ,. 0wall density. 

4L(, "Shaikh et al., 141 observed similar anomaly in a porous ,ceramic. Effect of density on the magnitude of dielectric constant -47
is discussed in a paper by wa Gachigi et al.,151 in this issue. , ý ZA

In fine grain BaTiO 3 ceramic, the tetragonal to
orthorhombic transition occurs nearer to 25"C instead of 0-5"C.
Some of the observations, such as the difference in domain size,
splitting of <200> peak in XRD patterns are expected to be
influenced by the presence of the orthorhombic phase.

To minimize the complications due to the orthorhombicphase, it is desirable to investigate the grain size effect in BaTiO•- Fig. i. SEM micrograph of 'as received' SBT powder.
based solid solutions. Moreover, understanding the size effect in
commercially "mportant solid solutions such as SrqxBaxTiOi,

CH3080-0-7803-0465-9/92$3.0
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Result-. and Dist ussioni

,Densities of tie sintered pel.,:ls are listed in ' Table I
bTpicai microstruitures of the sa.itples sintered below 1250WC ate

Af shown in Figý 2. As the particle size distribution of the starting
W' powder was ttarro%% the graui size disttibutiomi 4)f thme Smimieled

I •ceramic also rema'ined narrow But when the sintering temperature
Swas raised beyond 1250'C, abnornial grain girolh occued illius

it was not possible to prepare samples with unilonr grain size in
"" ]I the range of 3-10 pin.

In Fig 3.. the temperature effect on the dielectric properntes
are compared. These K vs T plots ate not coinpen,4taled for
porosity. Higher room temperature dielectric constant obsersed in
samrples sintered at 120WVC with an average grain size of 0 Q pll,
and 87% of theoretical density (lable 1), clearly shos~s the

40 existence of grain size effect in SBT very similar to 'that obsersed
in pure BaTiO 3 . Dielectric constant values at room temperature
and at T, of all the samples are compared it) Table I "o

compensate the values for porosity, Botcher's equation was used.

',-"o-20000

~ ~dI kHzk~A %, .05
a
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( bj b

a ba 
• 

C),• 
,+

- . . a -0*0-, c .

Fig 3. Dielectric properties (if SBT ceraic sinete__ _ a
(a)l 21 C12h. (b) 1300C/2h. (c) 1350('/2h and l) I.O '/lh

solid line,; are dielectric c'onstant and (lotted lines are dielectric loss
Fig 2. "lypical inicr ,•lntm ture (A S11 I cetamic sintered at data measured at Ilkllz.
(a)lI 1(00'G /10h and (1) 12N0 C'/20.

Table 1. Ph1% -iC.1allad dielectl i properties, of SBT ceramic

Sint -fletp .A~v Den, KRI KR-1 Kai Tc Kai Tc Curie Tc-t TI-° Pr Ec
r°C,• I ( • o • C al) <O b j . (C al. 1 C on s. (*C ) ,(CO (pJC / (K V /
(Li~ll) thleo) XlO05 cm2) cm )

; 60 4840 448( 9180 1.50 61 I1100/6 C.75, .20 2880) 5500 5650 10800 -.87 -3 030
11 00/W0 1.25 01) 45 3 775 6200 7280 12080 1.54 62 -20 2.1 1080
1150/5 L). 8, 87 309515 5800 T7720 14475 1.7h 65 -24
1175/0.5 7.4 ',.71( 5700 kT 7-) '-19-( 11 6W) 1.47 61 -22•' 2.95 17MX
1200A/0.5 0.7 7017 .1850 5•990 9800 13360! 1.49 62 -19 1.98 1480120012 0.• L 87 17 4810 5970 1T160 13800 1.40 73 -24 3.88 1125

I1 (X/ >N.() t5-6 -?,4 ;200 -f3390 14750 -15000 1.51 67 -26 4.36 59o1a50l2 > IT.0 ()7. I7 24c80 2590 1 W()() 18740 1.50 06 -28 4.70 d 530
1350a10 W P 07,1n 2310 2d0 11050 15700( 1.471255/54(F) I.0. 72 53 3 237 70554(0 8430 14680 1.70 614 -25
1275/0in.F) 1.2 7X.52 3580 5280 7190 1(4870 1.49 04 -25 2.44 8701300/5re(F) 1.2 -1_-M -) )2 -3t)6 5400 11580 10220 1.50 65 -245 .44 840
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Comnparring tile poitisiil collected saluies. it is clear that a peako
room teniperature diecl.tm it ntirsant of 5S51 I04601K) is observed
when the average plain lize t;l thle erianiii. is hers~een I)75-1 2 pmn
tIn Fig. 4a~b. and c, tile ticquency effect onl the dielectric consitant
of ceramic w.ithi dilher iig pain size,, me plotted, Abo~ve 1c. K ls
T behavitor s nerarIii rinle i lw i~ tot iiia~su ing f requenicy in all the
(iases Ini 'Iable 1.Cu (rifl oontant of these samples are coimpared

(a)' Asseen tire nragniiudc: falls %%ithin at iiairol range oif 1 4-1 7 x

1 l f 1 0"t('C titFi 41, anti ktieVa etramit, ;Iioik r trig o
dielec-trio Iwak at1 all tile,-e nmrmlisiii tmfelleatUtes tii table 1. - tr

ot thle tranisi ition tempii pci .111 N li e listedI When the ave rage grain
size of the ceramiiic is letilk ei liiii [0 pni ito 0) 7 pilli. tile cubit, to)
tetragorral tianisitioitviiirliojel lne kic. eiases firti 671' ito b)2T.

1, whereas tire ltftagmitil to tlliiili ictansition temllperature
Graises fittni 28 C it, 11 Cl Since tire dieleririk. peal,

Corresporditnig ti it) H t i iiit. oil rhtoiiiihnedral transititili
tic:cus tivei a laipc tlempeiallic !ianig iii title grain Cehlit. . these

tvalues, are nt it tablatoliiI
Il Hig 'K lthe P %.. iý ho-itt il iof thrice s.UnllhIC s kcomripared

As seen, til tinle giaint tcl~iiiiý. tile inducied ptilariiat ionl reduces
sv sterna ic ill ', H itl Nil Itc iflit- dnthus tiit these sainples are rior the

. . Salle. only lthe gcltci al hchalrasi should he considered for
Coilmpari soil I F %illa Ill Atite glt.riii t)(o is cci atilik appearaunce tif

thle classic 1 %s F ltl NteeicNi is paxnt-iclatl, rititxicble. Ini Iable I,
P, and EL allties xd tl( aici I oite 11o sct est s (curve S ate listed

0~Ci? - ~W ~ iif Fig 6 it and fh, rite pitt Nlied andl etchted mricroistructures (it
tw o the s utteredl t. dlamii ate shlti~i The samnples were

I 2?5/5ý F) (9.s. I .2 um) polIished sltirr - andi ;trefiii ii srim that thle 511rtace termpe ratutre iof
the Samples ate tmaintii d ail"t 1 i wv s ne leatl to rt00on1 tem peratutre To
get a represettialitse diomiain i tl~lutle ofi thehlrtlk, about 0 1-0 211111
thick surface hait~e % i' icinii\ cd hetiue Poilishiing Ill Vig. 0),
domiainls ill thle tiile glaiii (l,:aillic-1 tIs sci kearlN seen Since thle
density (if tile Ndltyles fliedci at teltihlietattires bhtirrA I IOWh C were

0 00 low, it was nth jitisibti 14) poilisli1 thlein pripethiy. At present
19 ~~evetithitugh tile exi~ilenoe ii itirlti dotmlainis til finle grain cerainic is

c learlv detno1 i~trated. it is, necccssait toi prepare dense cerathhic to
qualiit i the domin iir ii ic and litei I dwni, 1I t dellsit y as a funci tioi ofi
grain Size.
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re w • f i- Conclusionis

H ased o n tile ex pertinent al observ at ions, tile I all asstg
CatIcusiatis wte drawnoi llI When the grain Size ,z the ,cranm, is •,•teen, 75-1-2
""pi, the KRI values peaks to 5M5(MJ-4NM)

VIo.w n" -, 2 "lhe Curie Onstant lof the ceramic is relativ.el,)
indepeltldeol of tihe grain size

lit fine grtain ceramics, sup~pression (if 'Ic anid
enhanucemernt of low tempiferature tranistitios are clearl swen

.F •4 Fine grain ceriuumcs also show classic P vs F hlsteress

" 5 Fiched and polished tnicrostructute of tite graii pillowu
ceruti ic sho-w multi-doaain characteristic%.

' * L i I I t iual Nlitt the reýUlt S. it is neI(C'salr, it) prepae tlelse

"*,. • ". ,,etatnis s ih difterin .verage glani sizes allging tr•oll (II I ;n it,
' ". A ,'. . \ I Olo i ss it h , arra rst r ow ihution
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HYDROTHERMAL SYNTHESIS OF MODIFIED LEAD TITANATE POWDERS
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Abstract ceramic fabrication, and relates the
processing conditions to the properties

Hydrothermal synthesis has shown obtained. In addition, the material is
promise as a technique for preparing evaluated for high frequency applications.
submicron powders of multicomponent oxides.
Powders obtained by this technique have
been used successfully to achieve fine Experimental Procedure.
grained, dense ceramics. Here, the
processing of modified lead titanate The modified lead titanate with

powders by hydrothermal synthesis and the composition, (Pb 0,88 1 Sm0 08 )(Ti 0 99,Mn 0 0 1)0 3
fabrication of ceramics from the powder (PTS), was prepared as follows. The

produced are described. Results of powder required quantities of lead, samarium and

and ceramic characterisation are presented manganese nitrates were dissolved in de-
and related to the processing conditions ionized water and mixed together. The mixed
used. The dielectric and piezoelectric solution was then added to a stirred

properties of the ceramics obtained are suspension of fine TiO, powder (particle

compared with those for ceramics prepared size < 0.2 pm) in de-ionized water. The pH

by conventional mixed oxides. Finally, the was adjusted to between 8 and 12 using NaOH

use of hydrothermal synthesis for the solution and the volume of water increased

preparation of ceramics for high frequency to 2 liters, giving a concentration of

devices will be discussed. 0.5 M.

The suspension was then placed into a
Introduction. 4 litre autoclave. The percentage of volume

filled (50 %) and the temperature
Hydrothermal synthesis has been used determined the pressure. Hydrothermal

by a number of researchers to prepare lead synthesis was carried out for 10 hours at a
titanate powders [1,2]. The powders temperatures between 250 and 300 °C (2 - 8
obtained are of submicron particle size and MPa). The resulting powders were washed
are generally realized at temperatures repeatedly to remove the nitrate and sodium
below 300 1C. However, much of the work ions. A sample of the powder was reserved
carried out has concentrated on producing for characterisation, which included, X-ray
pure lead titanate powders, and little diffraction (XRD) and determination of
attention has been given to modified particle size and morphology by scanning
compositions or the sintering behavior of and transmission electron microscopy (SEM &
the powders. TEM).

Here, the aim of the work was to At this stage the fabrication of
produce hydrothermally synthesized powders ceramics has not been optimised. Instead
and then to manufacture fine grained the powders were processed by a similar
ceramics for use in high frequency medical method to that used for mixed oxides. A
transducers. To this end, a simple route binder was added to the .ret powder and the
based on TiO2 powders has been developed for powder was dried. Discs were dry pressed
the preparation of the precursor for and sintered at 1100 - 1200 0C for 2 hours.
hydrothermal synthesis. Although the The sintered discs were ground to obtain
precursor obtained is less reactive than parallel faces and electroded. The discs
those prepared from TiCl 4 or Ti-alkoxide, then were poled at 100 IC for 10 minutes
the process is less complicated and entails with an electric field of 8 kV/mm. After
reduced risk to health, making it more ageing for 24 hours, the dielectric and
suitable for large scale production. A piezoelectric properties were measured. The
composition of samarium modified lead sintered ceramics were characterised using
titanate was chosen, which has a high k, and SEM to determine average grain size and
k,/k ratio, suitable for high frequency quantitative energy dispersive X-ray
single element devices. This paper analysis (EDX) technique to study
describes the powder preparation and the composition.
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ResuLts and Discussion. From TEM, the partlcle SLZe was determined
to be 50 to 200 nm. In addition, SEM

An XRD pattern for a powder examination revealed the presence of a few
synthesized at 290 'C for 10 h, pH of 8 (approximately 3 volume %) large hexagonal
(PTS-8) is shown in Figure 1. The powder shaped crystals (see Figure 3) which give
comprised the perovskite phase, along with rise to the diffraction peak at 2.64 A. EDX
a small amounts of unreacted TiO_. A large analysis of these crystals showed the
peak was also observed at 2.64 A- The presence of lead, indicating that they were

of a lead oxide composition; the XRD
analysis matched PbO, [3]. To the authors

S .. knowledge, it is the first time that these
PE -PEROVSKITE crystals have been observed in the
Ta ANATASETiO processing of lead titanate by hydrothermal

synthesis. Their presence may be related to
the use of lead nitrate as a raw material.

SHowever, the crystals are not detrimental
to the preparation of lead titanate

. ceramics as they are rtmoved during
PE sintering.

PbO PE

I I PE

lid PE

Figure 1 XRD pattern for powder, PTS-8
synthesized at 290 'C, for- 10 hours
(pH=8).

nature of this peak suggested the presence )
of a preferentially orientated, well C'

crystallized phase, consisting of particles u "
much larger than those of the perovskite.

The SEM micrograph of the powder, "
shown in Figure 2, indicates that the 'I. -4 e 1•
perovsk'te particles are submicron in size.

Figure 3 SEM micrograph of PbO, phase
in PTS-8 powder.

Attempts were made to eliminate the
presence of unreacted TiO, after synthesis.
These included: increasing the reaction
temperature; and/or pH; and sieving or
milling the TiO, powder to decrease the
agglomerate size. Although, a reduction in
the quantity of TiO, phase was achieved, it

41 was not possible to remove it entirely.
However, powders containing the lowest TiO2
content were obtained by replacing the TiO,
starting material with an ultra-fine powder
(Tioxide, UF12). After synthesis at 290 OC

for 10 h (pH=10), the XRD pattern,
presented in Figure 4, shows that the
powder (PTS-UF) comprised mainly the

Figure 2 SEM micrograph of powder, PTS- perovskite phase, with only small
8, synthesized at 290 °C for 10 h quantities of rutile TiO, (approximately 4
(pH=8). %) and PbO,.



P= PEROVSKITE

TI RUTLE Tb.

PPCS o PE

Pb | PE PE

Figure 4 XRD trace of PTS-UF ceramic
sintered at 1150 °C for 2 hours

The optimum sintering temperatures for
the ceramics were dependant on the Figure 6 SEM Micrograph of a polished
hydrothermal conditions used to prepare the and thermally etched surface of PTS-8.S
powders. For example powders synthesized at ceramic sintered at 1150 OC for 2 h.
290 °C (pH < 12), ceramics with maximum
density were obtained by sintering at 1150 The EDX results a PTS ceramic is
'C for 2 hours. However, powders presented in Table I. The measured values
synthesized at higher temperatures or pH k obtained are similar to those of the
12, required a sintering temperature of nominal comoositions, indicating that good
1200 0C. compositional control was achieved.

After sintering, XRD analysis showed
the ceramics contained both the perovskite Table I EDX results for PTS-8.S (S
phase and a small quantity of rutile TiO,. TiO, powder sieved) sintered at 1150 C
The TiO, content of the PTS-UF ceramics was for-2 hours.
estimated at approximately 4 %, Figure 5.
PbO, was not detected in any of the
ceramics.

ratio nominal measured

Po E=PEROVSKITE Pb/(Pb+Sm) 0.92 0.90
E T,= RUTILE TiO Sm/(Pb+Sm) 0.08 0.10

Ti/(Ti+Mn) 0.99 0.99

Mn/(Ti+Mn) 0.01 0.01

PE (Pb+Sm)/(Ti+Mn) C.96 0.89

PE PE

I
PEPE ,, From the dielectric and piezoelectric

T, properties for the PTS ceramics presented
in Table II, it can be seen that the values

.. 0.o. obtained are similar to those of
2(9 Ferroperm's Pz-34 (a similar composition to

PTS) prepared by mixed oxides. Comparison
Figure 5 XRD pattern for Powder PT(Sm)- of PTS-UF with the other PTS ceramics
UF synthesized at 290 OC for 10 hours indicates that the reduction of the TiO,
(pH=10) second phase had little effect on the

dielectric properties, but gives an
improvement in both the density and the

SEM examination of polished and etched piezoelectric properties. Thus, PTS-UF
surfaces of ceramics sintered at 1150 OC offers advantages over Pz-34 of higher
for 2 hours, revealed the average grain piezoelectric properties, lower porosity
size of the ceramic to be 1 pm, as shown in and finer grain size.
Figure 6. The pore size ranged from 1 to 4
Pm.
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Table II Comparison of Properties of PTS Conclusions
ceramics with Pz-34.

A simple route has been developed for
the preparation of modified lead titanate

r tan 6 kt kp powders by hydrothermal synthesis which is
Ceramic density , suitable for large scale production.

g/cm' % %

The powders obtained have submicron
particle size.

PTS-8 7.2 190 0.007 43 7 Ceramics fabricated from these powders

have higher densities and improved
PTS-8.S 7.4 206 0.011 42 7 piezoelectric properties than those of a

similar composition prepared by the mixed
PTS-12.S 7.4 189 0.011 43 7 oxides route.

PTS-UF 7.7 205 0.011 48 5 The ceramics offer fine grain size and

properties suitable for high frequency
Pz-34 7.6 200 0.019 40 3 single element devices.

S= TiO, powder, sieved. REFERENCES

8 & 12"refer to the pH used for synthesis [1] D. J. Watson, C. A. Randall, R. E.

Newnham, and J. H. Adair, "Hydrothermal
Formation Diagram in the Lead Titanate
System," Ceram. Trans: Ceramic Powder

The thickness of some of the PTS-8 Science II vol. I, pp. 154-162, 1988.

discs was reduced to 0.24 mm, resonant [2] M. Suzuki, S. Uedaira, H. Masuya and H.
frequency 10 MHz, without any appreciable Tamura, "Hydrothermal Synthesis of Lead
change in properties, and the materials Titanate Fine Powders," Ceram. Trans:
were evaluated for high frequency devices. Ceramic Powder Science II vol. I, pp. 163-
Their low relative permittivity limits them 170, 1988.
to single element transducers, used, for
example, in intravascular imaging. For (3] P. Rtetschi and B. D. Cahan, "Anodic
these applications, the high k,/kp ratio, Corrosion and Hydrothermal and Oxygen
Figure 7, reduces unwanted resonances, the Overvoltage on Lead and Lead Antimony
high k, value leads to an efficient Alloys," J. Electrochem. Soc. vol. 104, pp.
transducer, and the low dielectric loss 406-413, 1957.
gives low noise. The lower porosity of PTS-
UF ceramics will allow thinner, higher ACKNOWLEDGEMENTS
frequency elements to be manufactured.
Finally, ceramics prepared from these This work was funded by Brite/Euram
hydrothermal powders are especially projectr contract number 0504
suitable for single element devices, where
the piezoelectric element is very small,
often 1 - 2 mm in diameter.

7 T

SL i11 1

Figure 7 Impedance curve for a 10 MHz
PTS-8 ceramic.
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In this study the synthesis of Ba(OC2 - 5 ) 2 from therefore the overall concentration of Ba(OC2HS) 2 is
Ba(Ci0 4 ) 2 and LiO 'H5 was discussed first, then also increased. The solubility can be determined th-
Ba(0C2 H5 )2 and TiOC4 H9 )4 were used as precursors to rough chemical analysis. Mix the solution with tetra-
prepare ul trafine BaTiO 3 powders. The result shows that butyl titanate in equal mols and follow sol-gel process
Ba(OC2H5) 2 can be obtained from Ba(Cl0 4 )2 and LiOC2 H5. to prepare ultrafine 5aTiO powders. The technological
The ethyl alcohol solutions of Ba(OC2 0 5 ) 2 anrd Ti(CCA)4  process is listed as following
mixed in equal mols were hydrolyzed in reflurin to fo-o.r
gel. The gel was dried at 90"C and then heat treated at Ba(C10 4 ) 2  Ti(OC4 H9) 4
900*C for 2 hnurg. The obtained BaTiO 3 powders have an
average particle size of O.15j.m. add LiOC2H5

Introduction heat

With the development and applications of the IBa(OC2H5)21
high performe'-ýe ceramics, higher and higher demands
have been posed upon the purity, particle size and add ethyl and
homogeneity of the raw materials. The high purity, I ethylene glycol
small particle size and good homogeneity of the raw | ! O
materials are the bases of the reliability and stabilty Ba 2H5)
of ceramic products.

Sol-gel processing in forming compounds has at- reflux
tracted much of recent research interest.[l][2] The heat and -tirate
ultrafine powders prepared by this technique are ultrp-
pure, homogenous and stoichiometical and can meet the [co-posite alcoholates of Ba and Ti
high demands of today's high performance ceramics. The
repeatablity of these ceramic products can also be im- agitate
proved. Several researchers have prepared BaTiO3 pow- add distilled water
ders through sol-gel processing.[3][4][5] It revealed and drops of aqueous ammonia
from their reports that high performance ultrafine
BaTiO3 powders can be obtained via hydrolysis from ba- 0l1
rium and titanium alcoholates.

agitate
In this study Ba(OC2 H5)2 was derived from ".e add distilled water

reaction of Ba(C10 4 ) 2 and LiOC 2 H5 .[6] Then ultrafine
BaTiO3 powders was synthesized using Ba(OC2 H5 ) 2 and el
TiO(C4 H9 ) 4 asprecursors.

wash with distilled water
Exprimental Procedure for 3 times and with

absolute alcohol for 3 times
Raw Naterials dehydrate at 90*C

LiOC2 H5 , Ba(Cl04) 2 , Ti(OC4H9 ) 4 , ethylene glycol dried gel
and absolute alcohol are the raw materials in thisstudy. [heat treat at 9O00C for 2h

grind
Preparation of BaýOCHS))

SBaTiO3 powders1

Mix Ba(C104) 2 and LiOC2H5 alcoholic solutions at
a 1:2 mole ratio. The mixed solution was then refluxed Tests and Analyses
for 10 hours under heating and agitating condition
while following reaction occured Differential thermal and thermal gravity ana-
Ba(Cl0 4 ) 2 + 2LiCC2H5 - Ba(OC2" 5 ) 2 1+ 2LiClO4 lyses were conducted on the derived gels with a LCT-II

thermal analyzer, the temperature ascending rate in the
Centrifugate the products after the reaction completed. analyses is controlled to be 10iC/min. The phase analy-
Wash the precipitate three times with absolute alcohol, sis was performed with a D/max-rA X-ray diffractomete.-
and Ba(OC2H5)2 is obtained.[6] on the dried gels which were hPat treated at 300*C,

750*C and 900*C for 2 hours respectively. For the
Formation of Ultrafine 3aTiOl Powders ultrafine BaTiO3 powders derived form the gel which was

heated at 900C, particle size and appearance was ob-
Dissolve Ba(OC2H5) 2 into the solution of ethyl served with a JE-IOOCX TEM.

alcohol and ethylene glycol mixed at a 4:1 volume
ratio. The 3olubility of Ba(OC2H5) 2 in absolute alcohol Result and Discussion
can be increased due to the presence of ethylene glycol,
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Differential Thermal and Fhermal Gravity A.nalvses

TG-DTA results for dried gel were shown in
Fig.l. A endothermic peak appears at 95'C accompaniec
w,th 40% weight loss according to the curves. This ,wed
to the volatilization of large amount ethanol and
water. The heat release peak appears at 285'C along
with a 10% weight loss is supposed to be the buring out .. :
of organiL matter in the gel structure. There is also a
heat relr-se peak at 7Z50C on PTA curve but no signi-
ficant corresponding TGA effect energes. This is caused
by the transformation from amorphous to cvstallire 0 0

3aTiO3 at this temperature.

7; C

:• 20 (Cu •

. Fig.2 X-r- liffraction patterns for the powder

samples derived from gels heated at different
temperature

"f fine BaTi03 powders heat treated at 900*C for " hours
were observed with a JF-10OCY TE". The result iz shown
in FiR.3. The average particle size, according to the
TE'i photograph, is D.l5pm. It is also shown that the
particles are narrowly distributed in size and is
spherical or polyhedral in appearance.

30(1 6"r,

TP-iper;ture *C

Fig.l TG-DTA results for dried gel4

X-ray Diffraction 0.5 i

Fig.2 shows the X-ray diffraction patterns for Fig.3 Particle appearance observed through TE4

the powder samples derived from dried gels heat treated for the powder derived from 900*C heat treated

at different temperaturee.It has been envinced that the gel.

sample existed in amorphous state at 3000C. A large
amount BaTiO 3 crystal and a few amorphous matter co- Conclusions

existed at 750'C. This shati no difference with TG-DTA
results. The samples heat treated at 900

1
C seems fully 1. Ba(CI04)2 and LiOC2Q5 can be used as pre-

crystallized. Formation of crystal at a temperature far cursors to form Ba(O0 2.5)2. And BaTi03 ultrafine pow-

below the theoretical solid state reaction temperature ders can be prepared following sol-gel process from

is determined by characteristics of gel. Solid state Ba(OC2H5)2 and Ti(OC4H9)4.

reaction is related to the diffusion process. The dif-
fusion coefficient is rather small at a lower tempera- 2. Ethylene glycol added to ethyl alcohol can

ture and the _,action occurs too slow to complete. In increase the solubility of Ba(OC2H5)2 greatly and thus

sol-gel process, with the existence of ethylene glycol, the concentration of Ba(OC2D5)2 and Ti(0C4"9)4 can be

Ba(OC2D 5 ) and Ti(OC4H149 were refluxed .o form compo- increased. This leads to a fast sol-gel process to form

site alcoholate of Ba and Ti(alcohoiate in the form of BaTiO3 gel.

:Ti-O-Ba- or !Ti-O-C2, 4 -O-Ba-). A gel with its compo-
nent3 mixed at atomic level was obtained after hydroly- 3. Sol-gel prepared ultrafine BaTiO powders
sis. Remove the organic matter at around 300

0
C, the a- crystallize significantly if heated to 750*ý and cry-

morphous BaTiO3 forms. The derived powder has small stal fully develops at 900'C.

particle size and considerable activity and will cry-
stallize at a relatively low temperature. 4. Sol-gel prepared BaTiO03 powders are ultra-

fine, narrowly distributed in size and spherical and

Particle Size Analysis polyhedral in appearance.

The particle size and appearance of the ultra- References
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DIELECTRIC PROPERTIES AND CRYSTAL STRUCTURES

OF ENTIRE COMPOSITIONS IN THE TERNARY SYSTEM
Pb(Mg,,W,,,) O-P(Ni,,,Nb,,,)O,-PbTiO,

Atsushi Ochi, Toru Mori and Mitsuru Furuya

Fundamental Res. Labs. NEC Corp.

4-1-1 Miyazaki, Miyamae, Kawasaki, 216 Japan

(MLCCs), piezoelectric actuators, transducers and so on.
ABSTRACT Among lead-based perovskite compounds, PMW has been

known to form solid solutions with low firing temperature, high
resistivity, and wide variety of temperature dependence of

Over the entire range of composition in ternary system dielectric constant. PMW is an antiferroelectrics with Tc=3813,
Pb(MgW,2 )O3 - Pb(Ni,•Nb)O 3 - PbTiO, ( PMW - PNN - PT),and Mg and W ions are ordered in the B-site sublattice. Solid-
crystal structures and dielectric properties were investigated, solution systems containing antiferroelectric Pb(Mg,,W,,z)O3
From the results, a morphotropic phase boundary (MPB) was have been widely studied, such as Pb(Mg,12W,,2)O3-PbTiO,,1)
found on the compositional line with 45 to 50 mol% PT content. 2)

Pt rinh composition with Tc>100'C showed steep temperature Pb(Mg11 W,12)0,-Pb(Mg1,Nb.)0 3, Pb(MgW,,)0 3 -

dependence of dielectric constant. PMW rich composition with Pb(Fe,ja,2T)O 3 ,3) Pb(Mg,,2W,, 2)O-Pb(Fe,,Nb,,2)O3,)

Tc around room temperature or below showed diffuse phase Pb(Mg,1W,1)O 3-BiFeO3
5) and Pb(Mg,,2 W,,2 )O3-PbZro36).

transition. Superlattice reflections due to the ordering of Mg Yonezawa developed dielectric materials for MLCCs in
and W ions in the perovskite B-site were observed in the X-ray the ternary system Pb(Mg,•W,,)O 3-Pb(Ni,,Nb2,)O 3-PbTiO 3
diffraction patterns of PMW rich composition. Frequency (PMW-PNN-PT).7) This system has excellent properties for
dependence of dielectric constant was observed in these capacitors because the antiferroelectric component, PMW,
composition. D-E hysteresis loops had small coercive electric moderates or weakens the ferroelectricity of PNN and PT.
field. These results indicate that PMW rich compositions were Thus, capacitors with various characteristics, Y5V, Y5U, Y5T
relaxor ferroelectric. Downwards Curie temperature shift of the Electronic Irndustries Association (EIA) specifications,
accordinq to the PMW content was saturated in the PMW rich can be easily designed through the use of this system. Figure
compositiona! region, which suggests PMW rich region is not 1 shows the temperature variation of dielectric constant in this
a simple solid solution but a nanometer-composite of ordered ternary system.
region and disordered region. In the PMW-PNN-PT ternary system, end components

have different dielectric phases and different crystal structures

INTRODUCTION to each other; PMW is an antiferroelectric of Tc=38C with B-
site cations ordered, PNN is a relaxor ferroelectric of Tc=-

Recently, lead-based perovskite compounds have 1201C with relayor type B-site cation arrangement, and PT is a
been extensively utilized for multilayer ceramic capacitors normal ferroelectric of Tc=490 VC with simple perovskite

Y5V

PNN PNN

"- •0o Rhombohedrai"-• (Pseudo-cubic)

0-' -3 Tetragoral

" ..-... Y U 0 0 Orthorhombic

50 500 5,0 0 00 5
50O

50 - 0000000 5

0 ..- '. 00 000000

0
0 0 000003 a

0
0000000000@

PMW 50 PT
Figure 1. Temperature dependence of dielectric constant for Figure 2. Crystal structures in Pb(Mg,,W,,)O3- Pb(Ni,,Nb2,1 )O3-
ceramic chip capacitor's practical compositions in PMW - PNN PbTiO, system at room temperature.
- PT system.
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structure. Dielectric behavior and crystal structures of this PNN 0 0 - 2500

solid solution are therefore very interesting. In this paper, we A 2500 - 500C
studied crystal structures and dielectric properties over the ' 5 0
entire range of composition in order to understand the effect of-"' 5000 7530
PMW component quantitatively. Based on the results obtained, 0 75>1000 - 15000

we discuss the relationship between crystal structures and

dielectric properties in this system. 0 A 0 @ 150C0 - 20000

EXPERIMENTAL PROCEDURE 50 50 V ' 5

Disk samples oi all compositions in this ternary system 0 0 V El/ 0
were prepared by the conventional mixed oxide method. Oxide 0 O A v o O 0
raw materials of PbO and WO3 with purity>99.9% and MgO,
NiO, Nb2 O, and TiO, with purity>99.5% were weighed in 0 0 A V 0 0 0
stoichiometric proportions and mixed by ball-milling with 0 0 0 A 0 0 0 a
deionized water, using resin pots and resin-coated lead balls.
The mixtures were calcined at 800 to 850 t . The calcined PMW 50 PT

powders were ball-milled again, dried and pressed into pellets
of 16mm diameter. Disk samples were fired at 900 to 1250V. Figure 3. Dielectric constants in Pb(Mg,,W,,)O,

Crystal structures and latti,;e constants were determined Pb(Ni,,Nb,)O,- PbTiO3 system at room temperature.
by X-ray diffraction patterns. Capacitance and dissipation
factor were measured over the temperature range -200 to
350r at the frequencies 100Hz to 100kHz using a digital LCR
meter (YHP4274A).

In order to evaluate the compositional dependence of the
dielectric behavior, D-E hysteresis loops were measured by
means of a Sawyer-Tower circuit using chip capacitors
fabricated with silver-palladium internal electrodes.

RESULTS AND DISCUSSION ••r
E C

Over the entire composition in PMW-PNN-PT system - •

Figure 2 shows the crystal structures at room - - I
temperature in this ternary system. Tetragonal phase is in the ,_--_ __ ,-_ __

compositional region with PT content more than 45 to 50 mol%, 10 20 30 40 50

orthorhombic phase only in pure PMW and pseud-cubic in the 20 (egree;

remaining compositional region. A morphotropic phase Figure 4. X-ray diffraction pattern for the composition of
boundary (MPB) was found on the compositional line with 45 PMW/PNN/PT=60/30/10 including extra peaks from super
to 50 tool% PT content. Figure 3 shows the compositional lattice.
dependence of dielectric constants in this system. Comparing
Fig.2 with Fig.3, the compositions around MPB are found to
exhibit the highest dielectric constants at room temperature. In PNN I ( I(1 1 0) %
addition, it should be pointed out that extra peaks from X 0
superlattice structures appeared in the PMW-rich A 0-5

compositional region, as shown in Fig.4. Figure 5 indicates x El 5-10
the intensity ratio of superlattice extra peak ( 1/2 1/2 1/2 ) to 0 10l
perovskite ( 1 1 1 ) peak. The superlattice structure appears x X
because some part of Mg and W ions are ordered in 1:1 N2CI- X x x
type arrangement at the B-site sub-lattice of perovskite. ×-\

Based on the results obtained above, it was thought so A A _xxX X ,0
that the characteristic of this ternary system could be clearly x x x
understood by investigating the crystal structures and AZ x x x x

dielectric properties as a function of PMW/PT ratio. The A L A , xx x X
compositional line of 30mol% PNN content wwre selected, and Z. X X
with changing PMW/PT compositional ratio dielectric El A) " Y X X

properties and crystal structures were intensively studied. X o A x ,

talstructurenaddielectric propertie,•s . P
Figure 6 shows the lattice constant at room temperature. PMW 50 PT

Figure 7 shows the temperature dependence of dielectric Figure 5. Relative intensity of superlattice reflection (1/2 1/2
constant. According to Fig.6 and Fig.7, both side compositions 1/2 ) to the fundamental (110) reflection in ternary system
of the MPB (PMW/PNN/PT=25/30/45) had considerably Pb(Mg,,2W,,2)O3 - Pb(Ni,,Nb2 1)O,- PbTiO,

67



different shape of dielectric constant vs. temperature curve. In
the tetragonal phase, the curve was sharp and the maximum .<

dielectric constant was high. In the pseud-cubic phase, the 4.1
curve was broad and the maximum dielectric constant was c

below 10000. In accordance with the increase of PMW content, • 0C0
the temperature coefficient of dielectric constant decreased 0 4.0 - 0

and the Curie temperature shifted downward. It is understood
that PMW acts strong depressor and shifter in this ternary a
system. 

a

Curie temperature as a function of PMW content 0 10 20 30 40 50 60 70

Figure 8 shows the relationship between Curie PMW content (mol%)
temperature and superlattice structure. Within 30mol% PMW,
region I , the downwards Curie temperature shift is
proportional to the PMW content. Over 30mol% PMW, region Figure 6. Lattice constant for the dielectric composition;
H, the downwards shift of Curie temperature becomes weak xPMW-0.3PNN (1-x)PT (x=O -0.7).
and showing saturation, while the superlattice peak intensity
becomes stronger. From the results, most Mg and W ions on
the B-site of perovskite are found to be disordered in region I, 30000
and the ferroelectricity is remarkably depressed by Mg and W
component. On the other hand, in region I, some of the PMW
component forms ordered clusters, and the other Mg and W X=O
ions are disordered. The interference of the ferroelectricity
therefore has been saturated. It is reported that Mg ions are
inactive with regard to ferroelectricitya.9. Mg ions arranged E 20000

randomly in B-site sublattice effectively depress the Z 0.2
C

ferroelectricity, compared with Mg ions in the ordered clusters. 0
L)

Frequency dependence of Curie temperature 0.3As described above, temperature dependence of 0.3

characteristic to relaxor ferroelectric. Frequency dependence 0.4

of temperature variation of dielectric constant, which is the
essential phenomena of relaxor trroelectrics, was also 0 5
measured. Figure 9 shows the result for 0.3PMW-0.3PNN-0.7
0.4PT. Figure 10 indicates the frequency dispersion of Curie 0
temperature as a function of PMW content. A parameter A T, -200 -100 0 100 200 300

was defined here as the difference between the Curie
temperature measured at 100Hz and that measured at 10kHz; Temperature (°C)
which represents the degree of relaxation in phase transition.
As for compositions within 20mol% PMW content, the Figure 7. Temperature dependence of dielectric constant for
frequency dispersion was not observed ( A T,=0). Over the composition; x PMW - 0.3PNN - (1-x)PT ( x=0 - 0.7).

30mol% PMW content, A T, was not zero and the dielectric
behavior around transition temperature was the same as that
of typical relaxor ferroelectric. The value of A T, increases 400 2

with the increase of PMW content reaching the maximum at 50
or 60mol% PMW content, and - T, at 70mol% PMW 300 L Region I Region 11

decreased. The decrease in A T is thought to be related to an 200

appearance of antiferroelectricity from the ordering of Mg and
W ions. ' 100 -'

D-E hteresi s and dielectric phases 0

D-E hysteresis loops were measured in order to 0.5

observe the dielectric phase directly. As shown in Figure 11, .100

the D-E hysteresis loops for PMW/PNN/PT=50/30/20 is -200
characteristic of the typical relaxor ferroelectric with small 0 10 20 30 40 50 60 70

coercive electric field. The D-E hysteresis curve for PMW content (mol%)
PMW/PNN/PT=10/30/60 is rectangular with large coercive
force. For the composition of PMW/PNN/PT=70/30/0, an
antiterroelectric phase is seen at -110 C and moreover, a Figure 8. Curie temperature and intensity ratio of superlattice

ferroelectric phase appears at lower temperature of -150 'C. reflection for the composition xPMW-O3PNN-(1-x)PT, where I1
This type phase transition (ferro - antiferro - para) has been is the intensity of the superlattice (1/2 1/2 1/2) reflection and I,

also reported for PMW-PT and PMW-PMN system. 2) the fundamental (100) reflection.
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Figure 9. Frequency dispersion of dielectric constant vs 0 10 20 30 40 50 60 70
temperature curve for the composition of PMW/PNN/PT= PMW content (mol%)
30/30/40 (x=0.3), where measurement frequency range is
100Hz to 100kHz. Figure10. Frequency dispersion of Curie temperature as a

function of PMW content, where A Tc=Tc(lOkHz)-Tc(10OHz)
CONCLUSLOtN

Crystal structures and dielectric properties over the
entire compositions in the PMW-PNN-PT system were
investigated. In this system, a morphotropic phase boundary
(MPB) existed around the compositional line of 45 to 50mol% PNN
PT content. The compositions around MPB were found to
exhibit the highest dielectric constants. On the compositional
line of 30mol% PNN content, dielectric properties and crystal
structures were investigated in detail. Compositions such as
PMW/PNN/PT=50/30/20 showed relaxor ferroelectric behavior
of the diffuse phase transition, frequency dispersion of
dielectric constant and D-E hysteresis loops with small
coercive forces. In the PMW-rich compositional region, (70/3010) (50130/20) (30,30)40)
Superlattice reflection from B-site cation ordering appeared - 0 0 0--
and downwards Curie temperature shifts saturated. It is - /(10/30/60)

considered that some PMW component is incorporated into the
clusters with ordered B-site cations ordered, while the other
Mg and W ions were disordered. PMW " PT,
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PREPARATION OF DENSE ULTRA-FINE GIRAIN
BARIUM TrrANATF-BASEjD CERAMICS

U. Kumar. S.F. Wang. and J.P. Doughenty
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The Pennsylvania State University

University Park, PA 16802

Abstract: Recently, we have siiitered hydrothernial BaffiOA with 3-5 Results anldV iscu-ssionl
wt%7 Bi10 3 to very high densities at 850'C. fIn this paper. newPhsclhactrtisotlesrcivdpwr.,ud 

rresults oil the effect of lower concentirations of BiiOt onl thePhsclhactrtisothaseevdpwesuedr
densificat ion and th ilcrcproperties of the BaliOtj ceramnic ar thi study are listed in Table 1.
discussed. As anl expansion of this work, hydrothermnal
Srtt 213a()TiOj wits siittered with 0-5 w1% Bi,03 between $50- Table 1. Thbe properties of BaTiO~ Po%%ders.
1 250'C. When 5 wt% Bii)j was added. tite powder compacts
sintered to a hulk density oif >5 2 gnis/cc, at 950*C. The rooml D opstotAdtos SAL
temtperature dielectric constairt of this ceramic was 1 5(X), and K vs. ID opsto diin .
I plot followed thle Z5U industrial specificationt. t-gn w

Introduction BTI Bali~t -- 8ý54 1.8

fIn a recent paperl It. by comnparing the effect of Bi2Oj on thie BT2 BaTj~ 2(N)ppml 7.96 14
sintering behavior of high purity Bt~it), powders. piepared by of Nb
differegit procedlures, good sinterability of hydrothernnall BaTiO, at
temperatures as low as 850'C was (lemonstrated. By performing BT3 Bdl'iO3 0,28%%t" 7.54 ----
XR[) andi DTA measurements onl these mixtures, thie following 71
reactiotn sequence was identified:

I arol+1 BijB'4 BaTttjt 3" t%- 8.17 ---
I BaiO~+ 1 Bk.)tBiO;

-~5 tIBi-2Oj)og(BaO)0.21 + Big2if~o, 0  (Eq. 1) agr-T0 ----- 150,
As the reaction products melt at 71 7'C and 847*C respectively, good -~-..-

densification occurs at low temperatures through liquid phase Part 1:
sintering. The hydrothernial Bari() sinters to high detnsities at low%

In a (different paperl 21. the effect of BiOj addition onl the temperatures. In Fig. I .. the shrinkage profiles of hNdrothernial aund
mnicrostructural development and thle dielectric properties of thle noim-hydrotiernial high purity Ba 1 Oj powder compacts with 5 t
ý;intered ceramic was discussed. For this work. hydrothernial B i-,) j are compared. In this figure. good densification of
BaTiOj powder comipacts with 3. 5. and 7 wt% Bif.10 3 were sintered hydrothenmial powder compacts. is daearly seen to occur at about
between 750*-950'C/2h. 750'C. Typical mnicrostructures of the sintered comnpact are shown

In this paper. the results of the latest studies on the effect of in Fig. 2. When the samnples w.ere sintered betwkeen 750-I1250(-'C
Bid)O~ addition on the (lensification. mnicrostructure development, with 3. 5. anid 7 wt% Bi-,) trrespective of the sintering
and the dielectric properties of thle hydrothennal BaTiot, ceramic are temperature and thle flux concentraticon, the average grain size of the
explained. The result and discussion section of this paper is divided ceramic remained as 0. 15-0.2 pm.l which was also the initial particle
into four parts. In the first part. sotme of the physical and electrical size of BaTiOl powder. Typical dielectric properties of the sintered
characteristics (if the ceramnic are reviewed. In thle secotnd part. the cerarnics are given in Fig. 3. A broad transition at around I lO'C,
effect of smaller quantities of B601O on tile densification and and the suppression of other lower temperature transitions are
dielectric proprieties of the BT ceramics are discussed. In the third typical of this fine grain ceramic. Though the dielectric peak
part, the effect of Bi-addition (luring the hydrothennal process onl corresponding to cubic to tetragonal transition is clearly d]etected.
the microstructural development is discussed. In the final part. the room temperature XRD patterns of these ceramic did not show clear
effect of Bi,0ý3 onl the properties of Ba0 .8Sr 0 .Ti0 3 is anialyzed. splitting tn <2(H)> peaks.

Exoeinnental

Thle surface area of thle as received hydiothernnal powders0
(Cabot Corporation, Boyer Town, PA) were measured] by BET
technique. To prepare the pellets, thle hydrothennal powd-(ers were
mixed) %Nith 0-5wt% of Bil2O3 (Johnson Matthey. Seabrook. Nil1) in
an agate niorler and pestle. Several 1/2" disks were prepared in aa
steel die, by applying uniaxial pressure (30000)-35000O psi) at room uL -1
temperature. Pellets with about 53% green densities were prepared
by using 1.5-1.7 wtr PVA and l.5-2.Owt% glycerol as binder andb
plasticizer. After binder evaporation. tile green pellets were sintered
between 750-I 250'C/0.5-21i in a closed crucible. The hulk dlensity
of the well sintered disks were measured by noting the weight loss -20
in Xylene. Fractured microstructure oif the ceraniic was analyzed 0 500 1000

w.ianl SEM (ISI-SKI 130, Akashi Beam Technology Corp..
Tokyo. Japan). The dielectric properties of thle ceramic disk Temper ature *C
sample% were measured using a computer controlled LCR bridge Fig. I Shrinkage profiles of tahigh purity BaTiO -i (Iranselco)
(4274A, Illewlett Packard, CO)) system. + 5wt'YBi,)Oi and ib) BT2 + 5wt%/ Bi 20A.

('11; ýt07903-0465-9/92$3.WC IEEE 70



ýW,ýw i, 10 1WK 6Pant 2.

ý41OtIn this sect io n t he ef) et, ot sinai ler conucentr atiuons of Bi ,(
on. tie propnriesof Baril, ,et..,ic isdiscussed. To achiese good
densities in these cerainics, it "as necessars to sinter the coniipacts at

0 .&highe~r temiper aturesý Fsen alter sinlet ing at I 250C.~ thle
a ýkmicrostructure otf thle ceramic looked %erx similar to that sliom i in

Fig 2 In Table 2. soini ot the pfi sical aid electrical chiaactenistics
(it the sintered ceraunic are listed The dielectric propertile of thle
cerainic shoý%ed qualitati% clv similar behax ior as seen in Fig3
S ii~e the liquid Phase %oluiiie is los% . higher T, and K rl ate

4q ohstirsed. In these ceruntic also, the dielectric peaks corresoKniding
0., A S 4R 1 to lo~ker teniperarures transitions are also suppressed

-b 'Table 2. Physical and dielecti ic properties of BTI' and 1312 ceramic
us* a- "wilh I wt'.,/ BiOj

Fig 21 Tv'pica.d iicrostructure of B~ sitnered, with BO;. Thi 1. D.. Sint. wt.loiss Bulk () K,,,, I "la KR1 I'd" 8
fiticrostnicture represent thle fracture surface of -B12 with) eilp 7c- grit/cc CC)

7wtBi'( b sintered at 850'CI2hi. ('/)±2 d l

B6T iS115/2 -IN0 4.99 3185 i7I1M 1
(a) 3000 1250/1 H.5 5 52 5820) 127 2(NXK 001)33

1312 1150/12 1,.41 5 .1 580W 121 21341) 00(13
1250/2 1.50) 5.79 70)75 123 26510 )0019

2000 3

K

1000 Ii two hatches of BaTi()l. Bi-ions wxere introduced durinig
the hivdrothennal processing. in introduce Bi-ions in thle structure,
anl appropriate atriount of Bisntuth in the nitrate fonn was added
during the foninat iin of' lit an itun I iv diox icl3 I. To this mixture.
Ba- solution was added for the BaliOl forinat ion. Due to thle

0 c o i pl131ex itIy o f thle re a ct ion , thI e tuia tu re o f B i 1 add]itii ou i iis u i i ki i i o% 1
-200 ?00 In the XRD patterns of the reacted powdler. few additional-20 0 00 diffraction peaks other thanu thle major Ba~il() peaks were dletectedl

These peaks with feable intensities could not be muatched to autv oif
Temp er'at u re (C0C) the Bismiuth Titanate or Barium Bismuth Titanium Ox'ide

coimpounds, unambhiguously . Thle concentirat ion of Hi-ion listed in)
Table 1, was calculated through atomlic ahsorpt ion specltoscopy.

(b) .05 The powder comipacts were sintered between "()'- I 250'C/0 5-3h.
The dlensity and( the weigh! loss (data of thle sintered compacts are
listed in Table 3. 111 is necessary to inicrease the sintering tetnpleramtie
above 1000'C to achieve sufficiently good densities. Wl-n the
samnples were sinitered over a platinumn sheet. cnmYparat i %ely 1"'iter
densities were observed at lower temperatures. But thle bottom

44 surface of the ceralnuic. especially in 1314. was bright vellow in
V) 3 color, indicating the segregation of liquid phase. This ob~servation

"V) 02 indicates that die viscosity of the liquid is low.
0 02 The microstructure and the dielectric properties of 3 %%,t'7 Bi-

V25 adlded samrples are very similar to that shown in Fig. 2 and Fig. 3.
But thle properii-s. of 0.3 wt'% Bi- containing samiples showed
marked differences. The mnicrostructural evaluation as a funtctiont of
sintering temnperature is compared in Fig. 4a. b. c and d. When thle
satmples were sinitered beyond 1 050'C. the average graint size of thle
ceramic increased to >10Ohm. In K vs T plots, dielectric peaks

0 corresponuding to three transitions could be detected very clearly, lIn
0 'rable 3. sorne of thle dielectric Plop, lies are l isted. The (dielectric

-200 0 200 properties of these samples varied as -i funuctiont of ineasuriitg
frequencies at all temperatures. Careful analysis of the

Temper'ature (OC) microstructure. detnsity. and the dlielectric properties of thle cerainiic
as a function oif s;interirig temperature and time indicate thle grain

Fig. 3 'Tie dielectric properties of 1312 ceramic with, 5%%tl/. growth inechanisin is dominantly diffusion controlled in nature.

B60 sinteredl at various temiperatures: (at) K vs..iT ait(]
Nb tail Sl vs. T': the properties were measured at I kll7.
Sinterinig temperatures of ceramics are ( I ) 750'C. (2)
9010' C, ( ) 8 50)'U, (4) 9(0C. and( (5) 950'C. Thle
magtnitudes are not corrected for porosity.
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(a) Table 3: Physical properties of BT3 and BT4 ceramtic.

U1. D. Sint. Setter Wt'. loss Bulk p

~2VCC gm/vcc

A Temp ( J0- . (5(-K - 7-8- 4 4(1-
1000)/I ZiO) ()58 4 54
1 1000/2 Zr(O2 0 52 5 30)
1000)/3 ZrJ-, 081 5 28
1050/1 ZrOl O)55 5 28
1050/1 5 ZrO-) 0.84 5 36
1050/2 ZI-O2 1.07 5 60
11 M/2 ZiO- 1.18
1150/2 ZrO2 1.17 5.05
12(012 Zt) 2 1 37 5 68
1250/2 Zrfl2 1.34 5.68

x, BT4 850/2 Pt 0,6 4 59
A w850/2 Z{), (0.92 4 76

900/2 Pt 063 498

"it 950/2 PN (066 5.311
100)0/I1 ZrO, 0)92 5.22
1 00/2 Zr{0)i 1.36 5.82

&J,12M8/2 ZrU, 1.76 5.89
1.1250/2 ZrO)2  2.03 5.91

1OKU 15 K ý 1 00 9 7/ 4/9 In the Ban gSr~l 1Ti() I BST) powder usedl for this

investigation, sniall amount of carbonates were detected through
. .D patterns. In at separate paper presented in this conference, tile

AC efeto grain size on tire dielectric properties (if pure porous
ceai sdiscussed1. InI that stud%, tire smalles vrg risz

aciee througlh conventinlsneigws02pl.adi ts
ceamc dielectric peaks correspondittg to three transitions are

ceryidentified.
Al4 ;' h densificat ion behavior oif BST as at function of flux

concentration and thre sintering temperatures are represented inl Fig
oi 5. be1s oftepeec1fSrntu.i sncsayt

5.Primarilv eas ftr rsneostolui ' eesyNI
)~ .'. .tsinter thle c~eramic wvith higher flux concentrations; and at higher

v \ temperatures. K vs.*r plots of thre flux added cerarnic are given inl
Fig 6. an .Supesion of dielectric peaks atl thle transition
tef peratures are clearly seen. XR!) patterns of these ceramlic failed

* ~to show splitting in <2(K)> peaks due to tetragonal itv.

(d) 7,'~~

5- 2 'q

700 800 900 1000 1100 1200 1300

Sint. Temp C

F-ig 4 F ractuired finicrostuifctme s of HI33 cerai iiics sifiletd at (a) Ffg. 5 P--fect oif Ou it:foncentitat ion inl tliedetisificat itl beliaviol
I10001 C/I hi. (hr) 10(50 (71Il. Ic) I 100 C/l I h and (d) oif Sri) 'llao g'l'iO). These ceratnics vAere siniteredI for

11l50 C/211 2hr.
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z II1~zb I Wien .iliiileiv 'tiiioilint .t Hi-I) %%a aijx ddedf I"
4iUhlisdhtoeiiettal li-aI l low. tot at hiesv hig bel diixoit %a it-i
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100 0 100 bulk difftusion nietechanisitis

TEMPERRTURE (C ) 4. When 5 \%t" Bt,( HI %%as added to Sit) Aa B , I~ l I(
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Fig6 vs'I potsofSB"'2 wth t~ Bi(), itc wre 950'rC, Petcitt iage cltuiges i (Ccal culIated ft101in % 1'14t phitsf
1-i 6 ~- I ilis o S~2()wih 2it' HiC ). vhici wre this cerami~lc showk ZSLI inldustrial spes ifisationsý. \ ifI a to"till

mneasured at I khIz. 'Ihese cerainics wiere sintered at 1 . temiperature dielectric constant (if IS SIt H changing the pailiis le
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toreduce the s interintg titp a et) X 50 C. %% fit in. f tile pI %ii~
thick filmi processitng tetnilerature.
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HIGH K Low FIRING TEMPERATURE CAPACITORS BASED ON LEAD
NIOBATE

John Z. Day
Arthur E. Brown
Joseph D. Nance

Xemet Electronics
P.O. Box 5928

Greenville, S.C. 29606

Abst Figure 1. tAM OAKT

Dielectric formulations based on lead magnesium CRANK

niobate and lead iron niobate which achieve a Z5U
temperature characteristic with a dielectric constant of
12000 have been developed for the manufacture of
multilayer ceramic capacitors. A low melting
temperature glass frit was adCed to the formulation to
achieve a firing temperature of between 975 *C and 1050
*C, allowing the ure of silver nlectrodes with from 18% I&VIN
to 25% palladium added. The addition of lead iron
tungstate and cadmium titanate further reduceo the
firing temperature to between 850 *C and 900 *C, which
allowed the use of pure silver electrodes. An
insulation resistance of 10,000 ohm-Farads and a
dissipation factor (DF) of 1% were achieved with Figure 2. Multilayer Ceramic Capacitor Materials
excellent long term life reliability and an aging rate 1 NP XTR Z5J
of less than 2%. High quality capacitors can be
manufactured using standard manufacturing techniques and a NdT.5 5T,3 a.To3

very careful safety and environmental procedures. K W 10 120 3000 4000 10D0

K so~ 60 X 30 "100 5
Introduction M low low

Multilayer ceramic capacitor technology is u.,.h Pan PFN
continually being improved to reduce chip size by K IO
increasing dielectric constant and to reduce cost by
reducing firing temperature, which allows the use of
less expensive electrode materials. A series of K
dielectric formulations have been developed based on kI' Y10
lead perovskites which have higher dielectric constant
and lower firing temperature than has been achieved with PUN: Pb (Mg,.Nbf.) 0,
traditional barium titanate formulations. PFI: Pb (F,,,Nb,,,) 0,

Figure 1 shows typical construction of an axially
leaded multilayer ceramic capacitor. Construction is Figure 3 K and 1ectode System Compared
similar whether barium titanate or lead perovskite F aTir 3 vs Pb-Nb DielectEtcs CormZrU
materials are used. Figure 2 is a summary of typical 3

capacitor materials for NPO, X7R, and Z5U temperature
characteristic dielectrics. The new lead perovekite 11
materials have been developed for Z5U characteristic
capacitors. A very high dielectric constant (K) can be Pb-Nb
achieved with lead perovskite materials. Ttese i0
materials permit the use of very high silver content -

electrodes, leading to low cost and increased volumetric
efficiency, as shown graphically in figure 3. S• ! BaTi03

For reference, figure 4 shows the relative 7a i
temperature stability af the three major dielectric
types. Z5U is the least stable, but has the highest 6
volumetric efficiency because it has the highest K. It
is important to note that even though Z5U characteristic I

capacitors are often referred to as general purpose, the
reliability of the Z5U dielectric may be, as is the case 4
for this new lead perovskite family, as good as for NPO 20 %Valiadium ' 01J
or X7R characteristic capacitors. Therefore, if a 6,19 • *, •
particular circuit does not require highly temperature
stable capacitance, then Z5U may be specified to take
advantage of the increasad volumetric efficiency with no Figure 4. Temperature Coefficienr of Capacitance
loss of reliability. -- Z5U vs X7R VS NPO

Perovskites in general have an ABeQ structure. ! ---

Dielectric properties are controlled by substituting V -.. . tl :t 1-.-..-- •- --*-, npo
secondary materials (to shift and/or depress the ahape *

of the temperature characteristic curve). In barium 0- - - **-- *
titanate materials such as calcium and struntium cn _ X7Ri
substitute for barium on the A sites and zirconium or
tin on the B sites. In the lead perovskite system ----......-- . .------ _---- -
substitution occurs primarily on the B site; niobium,
magnesium, iron, tungsten, and manganese are all - L .. ..... i - -----. +
employed to achieve optimum dielectric characteristics.e y . . ---

Figure 5 summarizes the structure modifications which - - --- ..................

are employed. -- - *

S. . . - - ---
Tenlperature "C*

(CI11080) () 7XO• 1(65 9/2$3.(X)y•IEjEE 74



Dielectric Development Figure 5.

PMN (lead magnesium niobate) is a high dielectric
constant material, but it requires a sintering PEROVSKITESTRUCTURE
temperature of about 1200 1C. Development focused on
reducing the firing temperature and improving K and
insulation .esistance. The addition of PFt [lead ironA
niobate) reduced the sintering temperature somewhat. *At Ofl_
Further reduction was obtained by adding a lead A METAL 30nGEMS

germanate glass frit sintering aid. The ratio of PMN to aTfvrM

PFN was adjusted to obtain the highest dielectric
constant. Finally a small amount of manganese dioxide SARIUMT!TANATE
was added to improve the insulation resistance. This BASEODIELECTRICS
yielded a K 12000 dielectric which sinters at 1045 OC. A-SM. _AC,,SM, 81C.E
At this firing temperature inexpensive electrodes
containing 18% palladium and 82% silver can be used. &STE:T_., Za.S. ETC.
Figure 6 summarizes the formulation [I]. This
formulation has been successfully manufactured for LEAOPEROVSKITES
several years. AIIT:fE

Properties of MLC's manufactured with this 54TE:NI s.FI.W, TA,M1. ETC.
formulation are shown in figure 7. Compared to most
other ZSU dielectrics the DF and the aging rate are ADVANTAGES:
quite low. Modulus of rupture (MOR), a measure of the
breaking strength of the capacitor, is unfortunately 1 MtIOER K
lower than for most barium titanate based dielectrics. I LOWERRRV4TEMERATURE

Further improvements were made to the system to 3 FINIER GRAAN SGM

reduce the firing temperature to 900 *C, which allows
the use of silver electrodes, at the expense of
dielectric constant. Lead iron tungstate was added to
reduce the firing temperature further. A lead-zinc- Figure 6
copper-borate frit was developed to replace the lead
germanate frit. This, in addition to using cadmium Formulations
titanate as a sintering aid, enabled capacitors to be
fired dense at 900 IC [2). Capacitor properties are
similar, with the exception of the reduced dielectric
constant, which means that chips are somewhat larger
because more electrode layers are required for a given 0 35PbIF*,,Nb,,O,) 0 65PMg,_Nb_,O,
capacitance.

Dielectric Processing PbO -Ga O, .0O, frnt

Processing of these lead perovskite materials is
similar to that of other ceramic materials. Figure 8 MnO,
summarizes the process steps. Initial starting
materials are lead oxide, niobium pentoxide, magnesium
oxide, iron oxide, tungsten oxide, and manganese KIDDED - 900 0 C
dioxide. The appropriate formulation is weighed out,
wet milled to homogenize, and dried. The dried powder 085PblF*,Nb,,0,l0 1PbtMg,,Nb,,jO, 0O05PbiF*,,YW
is then calcined to pre-react the materials. The frits
are then added and the batch is wet milled to achieve
the target final slurry particle size. Film forming CaO TiO, snte.nng d
binders are added after milling and this slip is then
cast into ceramic green tape. Electrodes are screen
printed onto the tape, multiple layers are laminated,
and chips are cut apart. The green chips then go P5O ZnOCuO 8,0, -S,O, tnt
through binder bakeout and firing, termination and epoxy
coating, and testing and packaging. Effective
engineering controls must be implemented in the MrO,
manufacturing process and great care must be taken to
insure worker safety when using lead based materials.

Conclusions

Dielectric formulations based on lead perovskites Figure 7. Figure 8.
have been developed which have higher K and lower firing 0805 - 100 NF Properties Processing of PB - NB
temperature than traditional barium titanate Dielectric
dielectrics. A 100 nf 0805 leaded chip has been
manufactured which has excellent DF, IR, and a low aging K 12000 *Mi powders
rate. A relatively low MOR makes utilization of these DF 1% Millttoreduceparticlesize
parts difficult for surface mount applications.
Techniques for increasing the MOR were the subject of tO TCC 15% 85TCC -50% *Calcine to pre-react
some additional work. Innovative sintering aids are a
key to achieving the properties which were reported. 30000ohAm-farads

• Add binders and disperse
Aging Rate 1 6% per decade

References MOR 140MPa Cast slip to form green sheet

* Manufacture green chips with(1] Park, H.D. and Brown, A.E. U.S. Patent t 4,550,089 Voltage Rating 50 volts electrodes
(1985) Dielectric Thickness 25 microns • Bakeout binders and fire chips

Grain Size 2-3 microns
STerminate, lead attach, and

(2) Park, H.D. and Nance, J.D. U.S. Patent # 5,011,803 Breakdown Voltage 600 volts epoxy coat chips
(1991) Life Test 0 failures in 4000 hours Test and package

at 85 C, 100 volts applied

Finng Temperature 1045ýC

Electrode Composition 18182 Pd/Ag
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DIFFUSE PHASE TRANSIlION AND RELA\,OR BEHH`,IOR IN PERt\SKiiFES

Heinz Sthmitt. Doris Simon and Peter Pitzius
Fachbereich Physik. Universitat des SAarlandes, D I.)(i SaarbrUiken. Gern'anv

Abstract: Some of the properties ot the materials with diffuse a, relaxor materials. The micro domains in the model are

p-ase transitions and ri-laxor behavior are common to all assumed to be produced by static c:ompositional tluituations.

This article attempts to present a number of selected mea- so the original model is not able to explain all exerirnental

surements which have been used to explore the different cha details.
racteristics of the perovskite ABO 3 relaxors such as PLZr. Another aspect may also be of -mportain, in all multi torn

lead scandium tantalate and lead magnesium niobate respec- ponent materials one will find (ompi.t,,nJl fluctuations.

tively. Finally, in view of the experimental results, the paper but in pure Pb(ZrTi)O,, (PZT) normallk no DPT is present.

presents two different models One on the basis of composi- and one finds no DPT in e.g. PLZT xily/l : l(/3>_t), But in

tional heterogeneities, and the other on the basis f intrinsic PLZT 10/b5/35 a DPT and relaxor behavior is tound, although

instabilities and the broken translation invarian( tit the lat it can be expected that the compositional fluctuations in

tice. A comparison of the two models shows that it is ex both PLZT-compositions are similar So at least in the

tremely difficult to distinguish between the two models. upper two points the model has to he (completed
The reasons which are responsible tir the deviations

from the CWL firstly explained b, Smolenski. s model may
Introduction also influence other properties in a similar way At a normal

phase transition from the paraelectrir to the ferroeleitri(

Diffuse phase transitions are a more general phenomenon. In state, there occur anomalies in the susceptibilities, vhich
perovskites ABO. it is found in "pseudo- quaternary so)lid generally can be described by a lattice susceptibili•ty y and

solutions with statistical occupation of the A and the B-posi- the order parameter p:
|ion (e.g.: (PbBa)(ZrTi)0 3 ). in materials with a statistical occ-
upation of the B-position with ions of different valency (,j = (oI) gjkJPkP1
(e.g.: Pb(ScTa)O (PST) anti Pb(Mg 3 Nh.,N3)O 3 (PMN)) or in
the case of doping the ternary solil solutions at the A-posi- The coupling constant g,, describes the breaking of sym-

tion (e.g.: (Pb , La A )(Zr Ti 103 (PLZT)) metry by the phase transition. In perovsl ".s with a ditfuse
Some propr~e' s xf materi'-Iý 4ith diffuse phase transi- phase transition (DPT) there is, below Ic . the temperature

tions are common to all of the maximal value of the permittivity-) no deviation from
- In the non polar state, even far above the temperature of the cubic symmetry of the high temperature phase in such
the maximal value of the dielec:tric permittivity there exist samples, which are cooled down without any applied electric
anomalies which can be ascribed to a local polarization. field from the high temperature phase to the thermally
- Even below Tc, the material macrroscopically show the cubic depoled state. But even far above Tc not only for the low

symmetry. frequency dielectric susceptibility typical deviations from
- The material looks like a polar glass. the classical behavior are found. G. Burns assumed a local
- The low frequency dielectric constant shows no Curie- polarization with disappearing mean value for the thermally
Weiss-Law (CWL), it is not divergent. The permittivity is depoled state 161. Then, the term P•Pp in relatiin (1) can le
strongly frequency dependent (relaxor behavior), replaced by the mean square deviation P- of this local
- The weak field dielectric permittivity reaches a high peak polarization. The gJkl are to be replaceiV'oy an effective
value typical for a ferroelectric perovskite near T c, but the coupling constant:

dielectric maximum does not mark a phase change into a
ferroelectric phase. X x + g P, (2)

S There exist a switchable displacive phase transition.

A first explanation has been offered for the relaxir fer- This formalism consequently can be applied to a series of
roelectric behaviors by GA. Smolenskii I1. 21. He suggested. different measurements. The validity of the relation for the
thF, in for example PbMg,/ 3 Nb// 3 0 3 the Mg and Nb ions do dielectric constant at optica' frequencies, related to the
not order, so that across any trace in the material there are electronic polarizability, was confirmed by Burn'. toi P1 ZT,
fluctuations in Mg : Nb concentrations and that these statis- PMN and PST with measurements of the refract ve ini ,x 161
tical compositional fluctuations lead to large fluctuations in g" was estimated by the tensor of the quadrati electroopti,
the Curie-temperature. So, over a wide temperature range, effect, and so i P2  can be determined.
there is a mixture of non polar ard polar regions. which are
growing with decreasing temperature. If the scale of hetero-
geneity is of the order 10 - 20 nm as proposed, then for
measurements with a probing radiation such as x-ray or
optical frequency the random array will reflect the cubic
symmetry.

Another aspei:t was discussed by LE. Cross 131. If one
considers the stability of very small polar micro regions.
the energ) hill AGD' separating alternative domain states. 6
which is many times kT for domains of macroscopic volume. 6
becomes comparable to kT ( k =Boltzmann's constant.
T = temperature). That means, the polar regions are unstable
against thermal agitation now. o -

But some additional facets of behavior must also be ion-
sidered. For some aspects of diffuse phase transitions (DPT).

PLZT is a suitable material because of the large solubility
of La in the solid solution PZT. Whereas in the case of PST.
the ordering or disordering of the B-site iations allow to
produce a ferroelectric or a relaxor-type material. which
-in principle - may alliw a test of the different models 14.,0 0

0 60 120

Local Polari/ation T [-C]

The principal idea of Smolenskii's model was, that in solid Figure 1: The reciprocal relative dielectric constant of a
solutions, there exist compositional fluctuations. The result strongly disordered PST sample (order parameter S=O)
are micro domains, "K;nzig regions". with different Curie as a function of temperature and a CWL fit (straight
temperatures T A Gaussian distribution in T gives the line) onto the curve for the values measured at higher
deviation from the Curie-Weiss-Law (CWL) as it is observed temperatures.

CH3090-01-780)1 0465-W9253 9), -IEI- 76



In analogy to ideal ferrioelect-ics. where va -le, trustni, S I lno I(rsk I I.~ If eS alt N l: hoi_ as m" FitII] p base t Fanis It I i)n

tion the properties are influent eil by the spontaneous 1 iulari ten perat u re 12 1Wit h t he t- \( ept ion ft the indximum ot

zdtionf. in DPI materials there exist similar relations fur the lielei tric curit ant the-re i~s reail nofl dire(ct et teit

thermal expansiion and influenie of' hydrostatic pressure on v~i-V marks this teiilpi-rature. As etmenitioned above,

the dielectric coinstant '-is it was verifleil by Si hmiilt I 71 and Smit-no len si d ss umIIe~ a Gdu ssian dist r ibut i-in ior this

Setter dind Croiss respectIively 15 1i Our own results %how t he mnean phase ti-rasit gun tefliperit ure, pridui cii bN kaiizig

influenie of the local polarization on the entriopy anli t- regions- w~hich should be re-spoinsilile for the DPI. but

static dielectric constant [8). Si)P was determined tor equation (3) describes the biehavioir (It :>Ibetter t han

PiUl and PPZT, the Praseodymmon~ltication ut PUT[ (81. a more precic._- Gaussian distribiutiiin. Fi~gure 2a showsb

whiich shiiw a strongly %iniilar behavior as PUT iir disordered the dependentce uft the reciprocal St At it dielei triic

PSI. Figure I now shi''. s the reciprocal relative dielectric (iinstrant a cs a t unction ot (*I' 1 . -a ordingt,

constant E - of- stroiiu!y disiirderedl PSI Far above T. the eiquatiiin 0.~ The nearly q~uad(rat ic- bueia iiir is demo I

local po~larization becomes small, and t1follows a b4'L. strated. and alsii tl,,i in accordance to Figure I. the icoet

This is demonstrated by the straight lines in Figure 1. In this tiiient A in the f-ee elastic enthalipy

way, the temperature T can be determined by extrapolating

the h gh temperature curve of 1 1 tii liiwer' temperatures4

'The Curie constant, then has a vsalue of C =3181W' K The -G .AP_8 BF1-CPl' (4)

deviation friim the straight line is -P
2  which allows,

I, use oif additional resui . e 9. t he entV",;py- as a tunction rern,,ins always piisitilc %leasuremniit s it the oiiethtieints V

of temperature. the calculation ot lo 181. B anid C were pierfiirnmeid in P1 /I lclii r, P) I The results
were reucived frim the high tielil enids ot thle branches of the

PME curies. which were meadsured at dii terent temperaitures.

32 [he reslft IS. that adii-( here. A is alvvays piositive. H always
n- 9ative anid C always pStiusit id ad Al thle I i)Cl Wriu ets are

4 28 stroingly temperature idep~endient A mure detailed anaksi of

-10 the Piitential tuni-tuin shuiw, ha ter existdifrn
. . 0 2A-and metastable regions In the thermally depiiled, mvai riis ,p-p

0 2 ical Iv non terroesectric st ate-. t he sl stein is, even i oiiled down

5-z S 2 eliiw IT 
T

(, in crasal -nt ral iiniminuni It the Stahli[ . . thisrelati .e minimum, and it theii in elcc trit at tit-li 1w hi, h

1500 3000 0 1000) 2000 is large eniiugh) is switc hed iii, the s ' stem sý i"tcheil troum

a)2-,) 2 H TT 15the metastabll mInl a StAble minimum I hen the po
1 ariat iiiii

a) (T~ ( ~ cTI. ~is irreversiblv Induced, a phase transit ion happens. it the i on
dit ion 48/S 4-AC is rcai hed (iv dec reasing the temperature

Figure 2: The re(iiiriial relative ,Iielet tric o"Istanit ut a In this wvav P2
, may influeni e 1 urcieratuly via A in) equation

Striingly diisuriered PST sample (order parameter SzO) ( 1) the tree- .llas~tlic en'thilpiy G

represented as a tunction if T (I c (a). an' fitteu lwith

an critical exponent ýýl 81- (b). so2

8 4 - --- - - -T . +

CO + .0

3~8 +4 1- 40

0 -- 60
92 S= S~86

10.0 0.5 1.0 0.0 0.5 1.0

-30 0 30 0 15 30 45 a) Si

a) T ['C] h) (T-jlots

20
Figure 3: Iho reciprocal dielectric constant of a well
ordered PSI :,amnple (5S().86) representeid as a funutiuin +

ofTI-T,. (a). an(1 fitted with a ci-W: i exponent -;-1.01t (h) C-

0 4.

2.0 + 20

+ 1+ + +

1.6 Figure 4: Crit ical espuu -2 10
nn as a function i 0.0 0.5 1.0 0.0 0.5 1.0

1.4 the order piaraimeter.

1.2 1 l s S
1L. 0 Figure 5 The influeni e it ,ie i rder pardinuteir .iti t hi

0.0 0.5 1.0broadening if t he - MI) urvic (a). t he teinperAt tire It. (h).
0.0 0.5 1.0the temperature 1', (c) and] the lift treto T( I - (d.

S
The tieviatiiin fronm the CWL. caused by the locual tiolari For thle l') cal poular/izt ion wvith its ulusapijiaruiig nican

tation leads to a minimum for -, - at T( As it is demiunstra- valoe but not disappearing mean square dlci at ion P

ted in Figure 1. is cIintinuiuus and iiiows noi divergence, micro regions may be respionsible. Crioss has shoti Itmn.

But near the minimum od a hetmertr there is Siome cv itlence t or ulrianam al dlisioruder 11I. in

can be developed: vestigat ions ot Burgwraaf dlemonstrate. that vit h d((c rea~sin
*Prnperatui. the local "anisitropý graduall~ increAses 11011

-i - . his increa,"ing of P- with leureAsing tempteratutre in
I. T (J1) diucares the dvnlamiuali'Yorm of the m ro region -it high

tcmperst orest Measurenments ut the smuind ieluuiit 'v in P[ZT
sli''a small atlimaly, near T, 1111 1Hit i uipl ung ii mutsti
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and optical properties indicate a tendencv of softening the intensity of the superlattice reflections define th, order

near TC With decreasing temperature below Tt, the tern- parameter S. This order parameter was calculated by the

perature where the macroscopic polarization P. of the poled Rietveld powder profile and refinement program. In this way.
sample %anishes, the fluctuations become slow. In the low the properties of PST as a function of ordering and disor-
temperature region, the) are frozen and the relaxor materials dering can be studied. As it was found by Burggraaf and
show glasslike properties such as a plateau in the thermal Setter, strongly disordered PST shows a DPT and relaxor
conducti it) 1121. behavior, whereas a well ordered sample looks like a clas-

sical ferroplectric. Figure 2a presents the reciprocal dielectric
constant E 5 as a function of (T-T _)2 for a strongly disor-
dered PST-sample (S 1 0) and figure 3a shows E -1 as a func-
tion of T Tc for a well ordered material (S = d.86). As it is
described in figure 2b and figure 3b, the real exponents are

4500 1.85 and 1.015 respectively. For partially ordered samples
exponents between 1.85 and 1.015 are found. Figur, 4 shows
this critical exponent y as a function of the order para-
meter S. In a similar manner. the low frequency d;electric
properties are changing not abrupt but gradually with S.

3000 This is shown in figure Sa-d. Here the broadening of the
0 (T)-curve (a). Tc (b), Tt (c) and Tc-Tt (d) are to be seen as

Wa function of S.u Figure 5d demonustrates, that a thermally
depoled sample must be cooled at least 40 K below Tc to
induce a remanent polarization Pr"

1500 1 MHz

lO0MHt, MH
1I MHz.

/ I-... 4000
0 iil II I I III

0 1500 3000 4500
3000

Figure 6: The complex dielectric constant E* of strongly 2000
disordered PST with the frequency as a parameter,
measured in the range from 100 Hz up to 13 MHz for 6
selected temperatures. The radii of the Debye-circles 1000 "
become larger with decreasing temperature (T,=13.3 oC.
21.4 °C, 27.4 

0 C. 35.0 °C. 44.0 
0 C. 50.1 

0
C). 0

020
Figure 7: Relaxation- 0 2000 4000 6000

1 parameter h. taken
-. from Cole-Cole-fits

.C 0.1 N for the relaxation pro-
cess shown in figure 6 Figure 9: The complex dielectric constant E of PMN
as a function of tem- with the frequency as a parameter, measured in the
perature. range from 100 Hz up to 13 MHz for some selected tem-

0 "peratures in the temperature range from 18 °C up to
-15 0 15 30 210 'C. The radii of the Debye-circles become larger

T [c] with decreasing temperature (T-27.5 C, 47 
0C. 68 C,

89 °C, 120 °C, 150 orC, 181 `C, ý11 0
C).

Relaxor behavior

412 The frequency dependence of the dielectric susceptibility.
the relaxor behavior, of materials with a DPT is known
since a longer time [13, 14, 15, 16). By IR-spectroscopy. for
PLZT 9/65/35, Lurio found only 3 LO-modes and 2 TO-modes

0 2 -which are nearly temperature independent. The third TO-

__4 mode he could not find. He was able to fit the spectrum with
a set of 6 damped oscillators 117]. Burns [181 has estimated

0m0 the frequency of the "lossed" soft mode w to 0 - SO cm-
t

.
Experimentally it cannot be distinguisohed between an

0 1500 3000 0 1500 3000 overdamped oscillator and a relaxator system. Concluding

(T-T,)2 [Kg] (T-TD)
2 

[K
2) the contribution of the temperature independent IR-active

modes, the overdamped oscillator can be described by:
a) b)

a) ) -E (w) = E_ + A.

Figure 8: Reciprocal low frequency dielectric constant ) (5)
E -i (a) and relaxation frequency f received from the +

re'Taxation process shown in figure 6 as a function of
(T-Tc)2 The proportionality is evident.

a form which Ys equivalent to a Debye relaxation, where
E, - f - m 'o (fo: relaxation frequency). This behavior

In PST, a thermal treatment allows ordering or dis- was shown in a previous paper for PLZT [191. Here. there
ordering the B-site cations Sc and Ta. The degree of or- are presented some results for PST 1201 and PMN.

iering (an be c:ontrolled by X-ray diffraction 151. Well In figure 6, the relaxor behavior of strongly disordered
ordered samples show the appearence of superlattice sattelite PST is demonstrated. In this figure. the complex dielectric
reflections 14.51. Thus, in relation to the basis reflections, constant with the frequency as a parameterin the range

78



from l00 Hz up to 13 MHz is plotted for some selected The second model proposed is made on the basis of a
temperatures. In this case, at larger distances from T

, homogeneous system which can be described by a hamiltonian
(T." - 1.0 0C) the relaxation is of the Debye-type. Approaching' as it is used for normal ferroelectrics 122.23). This hamilto-
to"u and below T,, the relaxation becomes more and more nian contains a linear term which has the dimension of a
distributed. The relaxation must be fitted with a Cole-Cole local field. This term considers the local defects which
formalism, where the distribution-parameter h marks the derange the invariance of the translation symmetry and
degree of distribution. In figure 7. the growing up of the which are coupling with the local dipole moments in the
distribution, indicated by the distribution-parameter h can relaxor material PLZT. PST and PMN So it can be considered
be seen. Ordered or partially ordered samples show also that all materials with DPT has compositions with an intrinsic
relaxations. but they are very small and strongly distributed, instability, eg•. with the tendency to rotate the O-octahedra
The dielectric relaxation shown in figure 6 is typical for dis- of elementary cells containing a La and a Zr an( to stretch
ordered PST-samples with a diffuse phase transition. A the 0-octahedra containing a Ph and a Ti respectively.
MLS-fit, applied to the data of the complex dielectric con- - n PST. the different statistical arrangements rf elementary

stant E yields E and . the high frequency and the low cells with Sc or Ta on the B-positions induce these effects.
frequency dielect'ric constant of the relaxation process. So manifold different cells are simultaneously present one
Further, the relaxation frequency f can be calculated. Fi- in the neighhourhood iif other types. This should not be con-
gure 8a shows E and figure 8b the relaxation frequenc% founded with macroscopical compositional fluctuations. If

Meas a functi ow hTTch. The result is: nrpMrs- w - we follow H. Megaw (24 F. and assume, that the forces which
Measurements which were performed on P show s- determine the structure are short range forces, these different

milar results. Figure 9 represents the complex dielectric cells are relatively %eak coupled. This intrinsic instability
constant E * with the frequency as a parameter for different makes it understandable, that some authors did not found
temperatures in the temperature range from 18 °C to 21) oC. the expected third TO-mode for PLZT. A result of Lurio was,
For higher temperatures, the relaxation is of the Debye-type. that his measurements can be fitted by 6 damped oscillators
whereas the relaxation shows more and more a distribution and the frequency of i), the third TO-mode is relatively low.
when the temperature decreases. The calculation of the We suppese. that we have a similar behavior for PST and PMN.
characteristical data of the relaxation process yields similar If we have it to do with an overdamped oscillator system
results as one receives for PUT and PST respectively 119. 201. according to (,3). in the Debye-type like relaxation -neglec-

At this point it should be mentioned, that the mechanism ting E - (I is proportional to Er- the measured relaxation
which changes these linear properties of relaxor materials in frequencv • (figure 81. That the relaxation can befrqec 7 (fgr 8 .Th mas h eaaincnb
comparison with normal ferroelectrics influences the non- ascribed to the "lossed" soft mode. These results are also
linear properties too 1211. But these effects are not further supported by other results, such as the temperature depen-discussed in this work. dence of the distribution of relaxation times and elastic

measurements. This model explains microscopically the
existence of the local polarisation or of polarization cluster
in relaxor materials. It can be concluded, that relaxor

0 materials can be described by this model qualitatively and
partially quantitatively although some important simplifica-
dons are made: e.g. the mode coupling is not considered.

L4 the coupling constants were scalars and the solution of the
"O Iimt ot ] SCPA used must be improv.
(L ýconvergencei
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to P. one can . pee not onl% the anomalie.s in - but al..o thle 161 (1975).
irre iersibility of the P(T)-curve (figure ijj}. C ol ing dowkn
from higher teniperatures, the interacting .,onstant is too
small to generate a0 macroscopic polarization and one gets
polar glass fiIl. rt
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ABSTRACT Overall. however, in the field of ferroelectric polycrystalline
ceramics, No new matcrials a-e foreseen that will provide

The objective of this article is to present a synopsis of revolutionary impact to new applications. Instead,
recent, ongoing, and future evolutionary developments pertaining evolutionary advances in the processing of fcrroelectric ceramics
to the fabrication/processing of ferroelectric materials, with an will lead to improvements in existing commercial applications and
emphasis on polycrystalline ceramics. The basis for the review to a gradual implementation of existing materials in new
was derived from relevant literature over the last dozen years, applications. For example, although ceramic materials such as
including the responses from a worldwide questionnaire. This relaxor ferroelectrics have been known for some forty years,
survey addressed issues such as chemical synthesis methods vs. progress in their commercialization for MLC capacitors and
conventional processes and anticipated future developments in actuators has resulted from recent enhancements in tlher
processing and their impact on new applications, if any. The processing and fabrication.l[3-161
survey participants were scientists and engineers, both academic
and industrial, involved in research and development of
ferroelectrics and related materials. The primary conclusion of this fit. FABRICATION/PROCESSING OF
survey revealed that esclutionary advancements in the nrnce-ing r=RROELECfRIC CERAMICS
of ferroelecnric ceramics will continue to impact commercial
production over the next ten years. Fabrication technologies for all electronic ceramic materials

have the same basic process steps as presented in Figure 1,
regardless of the application: powder preparation, powder

I, INTRODUCTION processing, green forming, and densification.

Ferroelectric and related materials continue to be exploited A. Powder Preparation
for numerous applications, including recent concepts of "smart" orintelligent systems, whereby multifunctional components are The goal in the preparation of ferroelectric powders is to

achieve a ceramic powder which, after consolidation, yields a
required.(1 4 ) In recent years, substantial research and product satisfying specified performance standards. A secondary
develonment has been devoted to ferroelectric materials in the form goal is to produce a powder that can be consolidated/densified at
of single crystals, polymers, composites, and especially, thin lower temperatures. Ile most important commercialized powder
films. References are provided for these important topics, but the lrep eratures T os imporan ceraize powder
primary focus of this paper pertains to polycrystalline materials, mixine calcination, coprecipitation from solvents, metal oranic
The most widely used and researched ferroelectric structural types, decomposition and hydrothermal processing. The trend in powder
compositions, applications, and their state of development are
presented in Table 1. Although the materials and ceramic preparation is towarods powders having particle sizes less than 1

fabrication methods for the ferroelectric materials described had ýim and little or no agglomerates for enhanced reactivity and
fabioriction metodes f gor the s f perr i matterias torevuniformity. Such powder qualities allow for the development oftheir origin decades ago, this paper attempts to review fine-grained microstructures with enhanced mechanical and
evolutionary advances in the processing and fabrication of electrical properties. Most importantly, fine particulates are critical
ferroelectric ceramics. The data presented is based on the ior the continuing miniaturization of electro-ceramic devices.
compilation of responses to a questionnaire from more than 100 Examples of the four basic methods are presented in Table 2 for
international scientists and engineers, of both academic and the preparasionmethodsiar p renes relev2tfo
industrial backgrounds. In addition, recent processing the preparation of BaTiO3 powder. References relevant to

-velopments and novel fabrication schemes, their future impact processing advancements, particularly in regard to multilayer
ri new applications, if any, are discussed. capacitor applications, including review articles(18A 3), are given at

the end of this paper.
Specific examples of significant developments in

I . MATERIALS AND APPLICATIONS mixing/calcination processes are given for the PbO-based relaxor-
As presented in Table I, the most widely used ferroelectrics based materials Pb(Mgl/3Nb2/3)03 [PMNJ in Table 3. The

are found in the perovskite family general formula ABO 3, which primary limitation for the development of ferroelectric relaxors has
includes hundreds of compositional modifications (e.g., solid been in the consistent synthesis of phase-pure perovskite powders
,;olution substitutions and/or dopants). In addition to ceramic and ceramics. However, this problem has been successfully
materials, ferroelectric polymers, including PVF2 and other co- addressed through an improved understanding of the surface
polymers, are well established in the market place. Perhaps the properties of the constituent oxides, crystal chemistry of PMN,
most significant development comes not from monolithic materials and overall kinetics of the synthesis reaction. Specifically, the "B-
but in the tailoring of physical properties using the nature of site precursor method, whereby the B-site oxides are prereacted to
composites. Through the concept of phase connectivity( 5-7 ), form a columbite phase, allows enhanced dispersion and favors
properties can be engineered to give orders of magnitude formation of the perovskite phase in contrast to lead-ni )bate
performance enhancement. Specifically, piezoelectric composites pyrochlores.
are finding increasing use in applications such as ultrasonic
transducers for bio-medical imaging( 8-9) and towed-array Note, many of the advances in mixing/calcination have
hydrophones.(10) come through the better understanding of process-stru ture-

property relationships. For example. knowledge of the underlyingThe ability to fabricate known ferroelectric materials in thin- physiochemical behavior of Pb-based perovskites, also including
film form offers applications such as non-volatile memories and pyrochlores and Bi-layer structures, allows for controlled
DRAMs, both soon to be commercial realities. Furthermore, thin- morphological developments during calcination or "soft
film offers the potential of engineered crystallographic technology, agglomeration," whereupon high reactive materials can be readily
thus allowing the exploitation of non-centrosymmetric material, -'cp.red.
such as ZnO and AIN, which in polycrystalline form cannot he
made piezoelectrically active.(i 1,12)
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Coprecipitation is a chemical method whereby insoluble Hvdrothermral synthesize use, jiot ,bove 100'C) w a
compounds (e.g., hydroxides or oxalates, etc.) are precipitated -nder pressure to produce crystalline oxides.2) and is ,.idelv u,
from a solution of metal salts (e.g., chlorides), and the precipitate(. the formation of A12 0 3 (Bayer Process). The majior adxa' 1U,
product is calcined to form the desired oxide powder. The of the hydrothermal technique is that crystalline powders of i",c
advantage of this technique over calcination of mixed oxides is that desired stoichiometry and phases can be prepared ot temperatures
intimate mixing of the precursors (in the solution phase) leads to significantly below those required for calcination. Another
lower calcination temperatures and the preparation of high-purity advantage is that the solution phase can be used to keep the
and fine-particle-size powders, see Table 3. Limitations are that particles separated and thus minimize agglomeration. The major
the calcination step may once again result in agglomeration of fine limitation of hydrothermal piocessing is the need for the
particulates and the need for milling. An additional problem is that feedstocks to react in a closed system to maintain pressure and
contaminants from the coprecipitation process (e.g., chlorides, prevent boiling of the solution, currently, Sakai Chemical and
carbonates, etc.) may linger in the powder after calcination. For Cabot Corporation offer commercially available BaTiO 3 -based
example, commercially available, high-purity BaTiO 3 powder powders, with PZT materials from Morgan Matroc in the late
prepared by the well-known oxalate process, whereby a Ba-Ti stages of development.
chloride solution is precipitated by oxalic acid and the resulting
precipitate is calcined. However, the sintering performance of Laboratory research has shown the considerable benefits of
these high-purity BaTiO 3 powders is hindered by the presence of hydrothermally-synthesized powders, e.g. Ba:Ti homogeneity,
BaCO 3 , which is formed during calcination. lower sintering temperatures, etc. However, these pow,,ders

Metal organic decoinosition (MOD), often referred to as perform dramatically differently in post processing and sintering
sol-gel processing, in which metal-containing organic chemicals behavior requiring further developments for successful
(e.g. alkoxides) react with water in a non-aqueous solvent to commercialization. As an example of their unique behavior, the
produce a metal hydroxide or hydrous oxide, or in special cases, intrinsic nature of OH-bonding in hydrothermally derived BaTiO3
an anhydrous metal oxide. Powders typically require calcination powders is thought to greatly influence densification( 631.
to obtain the desired phase. A major advantage of the MOD particularly when accompanied by a Bi203-based flux, whereby
method is the control over purity and stoichiometry that can be densification could be achieved at temperatures less than
achieved with powder crystallite size on the order of 5-50 nm. 800"C.(64)
However, powder processing methods for nano-sized particulates
have not been developed to take full advantage of such fine Hybrid Synthesis
powders.

A wide spectrum of ferroelectric ceramic powders may alsoThe advantage of this technique over mixing/calcination is be produced by the hybrid process involving both chemical
exemplified by multilayer capacitors fabricated using alkoxide- syntimesis and conventional powder processing steps. Forderived relaxor based dielectrics. Capacitors produced with this example, promising results have been reported for PZT ceramics
powder have lower sintering temperatures and submicron grain derived from powders prepared from the conventional processing
sizes, thus allowing thinner layers and enhanced dielectric of a mixture of PbO and a hydrothermal zitconium titanate
hreakdown strength. Such benefits, however, are contrasted bv precursor. 6 0 6 5  The usL of chemical synthesis methods to
c\pcnsive chemicals and processing methods.

Table I. Ferroelectric Materials and Applications( 1 7 "2 3)

Structural Family Composition Application Development Stage

Perovskite BaTiO 3  Capacitors Commercialized
(Ba,Sr)TiO 3  IR Detectors Development(24 )
(Ba.Sr)TiO 3 (doped) P'TCR Thermistors Commercialization
Pb(Zr,Ti)O 3 (PZT) Transducers Commercialization

Actuators Development(25 )
Pb,La(Zr,Ti)0 3 (PLZT) Electro-optics Commercialization

Ca-doped PbTiO 3  Transducers Development/Commercializaion( 2 6. 27 )
Sm-doped PbTiO 3  (hydrophones)

Pb(Sc,Ta)0 3  IR Detectors Development(28)

(Na,Bi)TiO3  Transducers (Pb-free) Research(2 9 )

Pb(Mg,Nb)0 3 (Relaxors) Capacitors Commercialization( 30,3t)
Actuators Development' 3 2,33 )
Electro-optics Research(3 4,35 )

Ba(Zn,Ta)O3 Microwave Resonators Commercialization

Tungsten-Bronze PbNb2 0 6  Transducers (hydrophones) Commercialization

(Sr,Ba)Nb 20 6  Electro-optics Research/Developmenti 36 )

Bismuth-Layer Structure Bi4Ti3Ot 2 , Bi2 WO 6  Transducers (accelerometers) Commercialization

Perovskite.Layer Structure Sr2 Nb 2O7 Transducers Research( 37 )
La2 Ti 2O7 (high-temperature)
Bi2 (Zn,Ni,Nb)0 2  Capacitors Developmeni( 38 )/Commercialzation(31'

Coom posi tes PZT/Polymer Transducers Development(9,10 )

Polymers PVF2,Co-polymers Transducers Development/Commercialization14O- 42 )

Miscellaneous Li2B4 0 7 and AIPO4 (Crystals) Transducers Development
ZnO films (high-frequency) Commercialized
AIN films Rsesarch(t t)

Note: Development stage may refer to limited commercial introduction specific to certain geographical regions.
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uniformly distribute dopants to conventionally prepared powders Information on tap and pour density, particle size distribution,
of BaTiO3 for capacitors is another way to combine the specific surface areas, and chemical and phase analysis are critical.
performance advantages of chemical synthesis and cost Uniaxial compaction behavior, in particular, is easily measured

effectiveness of conventional prot-essing.(61) and provides data on the nature of the agglomerates in a powder.

B. Powder Processing Milling is required for most powders, either to reduce

A basic guideline of powder manufacturing is to do as little particle size or to aid in the mixing of component powders.

processing as possible to achieve the targeted performance Commonly employed types of cornminution include ball milling.

standards. Ceramic powder fabrication is an iterative process vibratory, attrition, and jet milling, each possessing its own

during which undesirable contaminants and defects can enter into advantages and disadvantages. For example, ball milling is well

the materials at any stage. Therefore, it is best to keep the powder suited for mixing, but not for comminution, unless varying media

processing scheme as simple as possible to rnainta;n flexibilitv. sizes and long milling times are used. Vibratory milling is well

Uncontrollable factors such as changes in characteristics of aý- suited for comminution, but extreme care in dispersion/rheological

received powders must be accommodated to achieve behavior must be considered, whereas attrition milling, though

reproducibility in the processing from batch to batch of material. very effective, is generally more expensive. Example of advances

Keeping the processing simple is not always possible for in terms of powder processing are given in Table 4. As presented,
ferroelectric ceramics, based simply on their complex nature, e.g. attrition milling allows for the preparation of extremely fine
the need for precise stoichiometry control and dopants . particulates, generally are achievable by chemical synthesis

methods. Along with the introduction of high performance milling

A fundamental requirement in powder processing and media, e.g. partially stabilized zirconia (PSZ), minimizing
perhaps key to the continued performance enhancement is contamination, attrition milling is finding growing usage for the

characterization of the as-received or synthesized posders.(66) processing of electronic ceramics.

Figure I. Schematic or iterative processing of ferroelectric ceramics and key characterization methods. -Key
to performance and reliability lies in the understanding of precursor-process-structure property
relationships."

owde Sythess GeenForming

"• mixing.'calcination Powder Processing Uniaxial pressing
"* coprecipitation • comminution lsostatic pressing
"* metal organic * powder flowability * Extrusion, injection molding

decomposition * dopant distribution Multilayering" emal

Characterization * dispersability * rheological behavior

"* chemical and phase purity - impurities * organic interactions

"* particulate morphology <-- *- segregation --4 * binder burnout
"• size/distribution * tap density * green density
"* agglomeration - compaction behavior * green strength
"* surface area

U

"* microstructure Densification
"* density, % theo * pressureless sintering
"* flaw distribution • HIP, HUP
"* interface reactions 02. Air, P(,
"• electrical and mechanical reducing

properties

Table 2. Methods Used to Prepare BaTiO3 Electronic Ceramic Powders

Method Reaction Particle Size

Mixing/calcination BaCO3 + TiO2 4 BaTiO 3 + CO2 t 1 Pm to 100 pm

Coprecipitation Ba2+ + TiO2+ + 2 C20 k H_20 BaTi(C204)24H 2) 4 0.5 pm (after calciningS~and milling)

1120 pH .

Hydrothermal Ba(OH)2 + Ti(OH) 4 + -- p BaTiO3 + 2H 20 Nanosize to 5 pm
AT,P

H120 AT 5.0-50.0 nm,
Metal organic Ba(OR)2 + Ti(OR)4 + o BaTi(OR) A BaTiO3 + 6R (crystallite size)
(Alkoxide) 01A [agglomerate size

largerl
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Progress in understandine the surface chemistry of magnetic tape fabrication technology, %k hereupon thin sheets can be

con ponent and reacted material, has allowed the wide spread formed >600 ft/mm., while being simultaneously electrodedA7 1 •
usage of aqueous processing as %ecll as the abilit, to disperse fine Recent developments in the fabrication of piezoelectric-

particulates through surface passivation,( 6 7 1 With growing polymer composites, primarily for bio-medical ultrasound and
environmental concerns related to the use and/or disposal of towed array transducers, are given in Table 7. In addition to
hazardous solvents, aqueous processing A, ill continue to become achieving fine-scale composites, current emphasis lies in the ability
important in the future, to economically fabncate large areas (>meter-square).

"-With the advances presented above and the overall control
of incoming raw materials, e.g. morphology, purity, etc., nigh D. Densification
performance ceramics are generally achievable without the
implementation of expensi.'e chemical methodologies, making the Densification of ferroelectric materials generally requires
mixing/calcination process the method of choice for most high temperature and atmosphere control (02. PbO, vacuum, etc.) to
ferroelectric materials well into the future." However, continued minimize the porosity in consolidated ceramics. Heat-controlled
development of powder processing methods for fine-particle size cycles are critical to microstructural development and grain size
powdt:is w ill alloy future commercialization of chemical methods control. Techniques such as fast firing and rate controlled sin.,
if the cost of their advanced pokkder. can bc reduced, have been utilized to inhibit or eliminate undesirable sin!L

mechanisms. Hot isostatic pressing 011Pý \khic+, *-:'*

C. Green Fonniing gaseous pressure at high temperature, has found m
commercialization in contrast to hot uniaxial pressing, whil

Green forming is one of the most critical steps in the limited to relatively simple shapes. The HIP process has bcL,i

fabrication of ferroelectric ceramics. The choice of green forming shown to greatly enhance the dielectric breakdown strength t DBS)
technique depends on the ultimate geometry required for a specific of multilayer ceramics and actuators and can be used to prepare
application. There are many different ways to form green ceramics, transparent materials, including PLZTs and PMN. Advancements in
several of which are summarized in Table 5. Perhaps, of all the HIP processing of PbO-based ferroelectrics have also been made

methods, the most significant advances in processing have been in with the introduction of oxygen atmosphere compatible system, see

the realm of multilayer fabrication, which includes: Table 8).
piezoelectric/electrostrictive capacitors (>50 billion units/year),
piezoelect.'i/e'ectrostrictive actuators, and varistors, as well as Work continues to find economical densification pro.tt ses

several in non-ferroelectric applications (e.g. ceramic by which macro-defect free ceramics with near theoretical densities

packaging).( 6 9 ,70 ) can be achieved, allowing one to approach the maximum properties
allowable in ferroelectric ceramics. Much of the progress in this

Table 6 summarizes recent developments in MLC direction, however, will be made through advances in the pover
tabrication. Naturally, the enhanced performance arises from the synthesis, processing, and forming methods.
corresponding development in binders, dispersants, and overall
orEan~cs and their role in sheet formation. In addition, ultra-thin
M t.(C, have led to the need for correspondingly thin metallization.
0!: •i. ticular significance in the fabrication of MLCs is that based on

Table 3. Advances in Synthesis of Ferroelectric Materials

Advancemet Material Demonstrated Benefits

Conventional (Mixing/Calcination) Powder Synthesis

Pre-reaction of B-site precursors Pb(Mg,Nb)03 Improved perovskite phase purity(4 4 )

(Columbtte method)

Modification of surface chemistry Pb(Mg,Nb)0 3  Improved perovskite phase purity(14)

(pH control) to optimize dispersion

Crvstal chemical engineering Pb(Zn,Nb)0 3  Improved perovskite phase purity(4 5 ,46)

(doping with BaTiO 3 , SrTiO3)

Reactive calcination (optimization PMN, PZT Improved sintering reactivity( 4 7)
of calcination conditions

Advanced Pe wder Synthesis Methods

Alkoxide Synthesis Pb-based relaxors Fine-particle-size powders( 3 1,49)
Thin-layer MLCs

Pechiney Method BaTiO 3  Fine-particle-size powders( 50 ,5 1, 52 )
(Citrate decomposition) Ba,SrTiO 3 ,PZT High purity

Oxalate Coprecipitation BaTiO 3  Fine-particle-size powders( 53 ,54 )
High purity, stoichiometry

l-lydrothermal Synthesis BaTiO3, PZT Fine-particle-size powders( 55 ,56 ,57, 58 ,59 )
Lower sintering temperatures

Hyri idMethods

PbO + hydrothermal (Zr,Ti)04 PZT Improved compositional uniformity(6 0 )
Fine grain size

Chemical methods for dopant BaTiO 3  Uniform dopant incorporation(6 1)
addition "nanoheterogeneity" (X7R dielectrics)
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Table 4. Advances in Powder Processing IV. SUMMARY

Concept The primary conclusion of this review is that the fabrication
Benefit of ferroelectric ceramic materials will continue to see evolutionary

advances, primarily in the areas of synthesis and processing. The
" High energy milling - Submicron powders(47 ,68) implementation of recent improvements in processing methods for

e.g. attrition - Dispersion(14) conventional powders (e.g. attrition milling, dispersion, etc.) will

PbO+MgO+Nb 2O5-- PMN extend the performance of ferroelectnc ceramics. However, there
will be a need for advanced powder synthesis methods and

"* PSZ media * Minimal contamination associated handling and consolidation procedures for the high-
performance end of certain applications, e.g. cryogenic actuators

"* Aqueous processing • Non-toxic solvent for space. Without revolutionary advances, the primary focus of
- Low cost development will be on reducing cost of advanced powder

synthesis methods, such as hydrothermal synthesis and
"* Surface powder chemistry • Rheological control coprecipitation. If these cost issues can be addressed, advanced

understanding (dispersability) synthesis methods will significantly enhance existing materials
e.g. "Passivation - BaTiO3" (e.g., BaTiO3-based dielectric ceramics and PZT-based

piezoelectric ceramics). Although the discovery of new
ferroelectric materials is not anticipated, continued improvements
in the processing of emerging ferroelectric ceramics, such as PbO-
based relaxors, will lead to their increased use in existing
applications (capacitors and actuators), and enable their
development for emerging applications (e.g., E-field tunable
transducers for sonar and bio-medical uluasound).( 97)

Table 5. Green Forming Procedures for Ferroelectric Ceramics

Green Forming Geometries Applications
Method

Uniaxial Pressing Disks, toroids, plates Disk capacitors, piezo transducers,
igniters, inch-worm actuators

Cold Isostatic Pressing Complex and simple High-frequency ultrasonic

transducers

Colloidal Casting Complex shapes Transducers

Extrusion Thin sheets (>80 gm) rods, Igniters
tubes, honeycombs, substrates PTC thermister heaters

Injection Molding Complex shapes PZT-composites

Multilayer Fabrication Thin sheets/multicomponent Capacitors, actuators
Varistors

Table 6. Advances in MLC Manufacturing

Advances Benefits Development Stage

Ultra-thin MLCs * Cap. Vol. Eff. Commercialized( 31,72)
* <0I.• High energy storage(73)

(replace tantalum &
electrolytics)

* < 6l.t Research/Development( 74)

• Fine Metallization Development( 75)

* High Speed Fabrication - Low cost Development(71)
(>600 ft/min.)

• Low-Fire • Low cost Commercialized

- Ag:Pd electrodes

* Material/Dielectrics • Cap. Vol. Eft. Development( 70)/Commerciialized
-High K >5000 X7R

-Relaxors, e.g. PMN-based • Cap. Vol. Eff. Commercialized

-Varistors (ZnO) * Surface Mount Chip Commercialized
Integration

-- PZTs, PMN * Actuators Commercialized

84



V. SURVEY RESULTS Areas identified as seeing significant recent developments

Prior to conducting this review, a worldwide survey was included hot-pressing and IP techniques and piezoelectric

conducted of scientists and engineers involved in ferroelectric composites, whereas research topics identified as important

materials research, from both academic and industrial to future applications include thick film processing for

organizations. This survey addressed significant recent and multicomponent packaging, assemblage of nano-composites

anticipated developments of ferroelectric materials, and the fc- electro-optics and ferro-fluids, relaxor ferroelectrics,

question of whether conventional fabrication methods for smart materials, and optoelectronic materials.

ferroelectric materials will be sufficient for future applications
requirements. Responses were categorized by geographical region ACKNOWLEDGEMENTS
(North America, Europe, and the Far East). Results of this survey The authors wish to thank all those who took time out from
are summarized below: their busy schedules to answer our questionnaire. The following is

a partial list of industries, universities, and government laboratories
The field of ferroelect-ic films, although outside the scope of from which the responses came:
this review, was recognized as an area where significant
recent developments were achieved, and where an even Companigs
larger number of future developments and applications were
anticipated. The importance of ferroelectric films was Toshiba, Sakai Chemical, Denka, NEC, Sumitomo Metals,
recognized by the largest percentage of respondents, Matsushita Electric, Murata, Nippon Soda, Mitsubishi Mining and
regardless of geographical region. Cement (Materials), Kyocera, Hitachi, TDK, AT&T, DuPont,

Battelle, Martin Marietta, BM Hi-Tech, Piezo Systems, Alcoa. MRA
Multilayer ceramics, both aawr and capacitors, were Laboratories, Centre Engineering, Acoustic Imaging, Krautkramer
identified as an application area where significant recent Branson, Hewlett Packard, Alliant Ceramics, Cleveland Crystals,
developments, particularly in terms of ultra-thin layers and ITEK Optical, IBM, Vitramon, Army (Fort Monmouth), Siemens,
the incorporation of relaxor ferroelectrics, have been made, Philips, GEC Marconi, Ferroperm, CNET/France Telecom, ISMRA
especially by respondents from the Far East Lab CRTSMAT, Toshiba Tungalloy, Morgan Matroc

Advances in conventional processing was cited as an area of Shonan Institute of Tech, National Defense Academy,
significant recent achievement, although there was little Science University at Tokyo, Nagoya, Kyushu Institute of Tokyo,
confidence that conventional processing would see additional Penn State, Texas A&M, Office of Naval Research, Florida
advances in the future. Chemical synthesis of ceramic University, Montana State, Naval Research Lab, Institute of
powders, by sol-gel and coprecipitation methods, was Physics-Rostov, Ben-Curion University, University des
recognized as important to future development of existing Saarlandes, Ecole Polytechnique de Lausanne, National Institute in
and emerging applications, but strives must be made to Inorganic Materials, Hachinohe Institute of Technology, Institute of
achieve economical feasibility, perhaps being achievable Crystallography (Moscow), Indian Institute of Science, Osaka
through combined methodologies, i.e. hybrid processes. University

A special thanks to JoAnn Mantz for her help in putting
together the questionnaire and this manuscript.

Table 7. Advances in the Fabrication of PiezoPolymer Composites

Advances Benefits Development Stage

Extrusion _<100 micron PZT rods Development(77)
<- 10 micron Research(78)

Pick and Place (Weaving) Large Area (> meter-squared) Development(79)

Lost Mould Method 10 g-t -100 scale Development(80,82)

Injection Molding Low cost Development(83)

Fill and Dice Simplistic t(ommercialtzed

Table 8. Advances in the Densification of Ferroelectric Materials

Advances Benefit Development Stage

P Pressurcless sintering * Transparent PLZT Development(84,84)
-Vacuum/atmosphere control * Lower Firing Tcmp PZTs Research(86)
-Rate-controlled densification

* Hot uniaxial pressing (HUP) * PZTs (pyroelectric -10 p wafers Commercialized
- Transparent PMN, SBN, Research(87,88)

* Hot isostatic pressing (HIP) • Complex shapes Research/Development(89,9 1)
* Multilayer capacitors
- fatigue reduction

* Multilayer actuators Commercialized(88-91)
* Transparent PMN, PLZT

* Hot forging • Grain orientation Research( 29,37,92)
e.g. Bi4Ti 3O12

* Mixed sintering ° Flat tT.C.C. MLCs Research(93,94)

* Fluxes (liquid phase) • Low firing temps Research/Development(95,96)
e.g. lithium oxide & fluorides

tTemperature coefficient of capacitors.
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PREPARATION AND CHARACTERIZATION OF BARIUM TITANATE ELECTROLYTIC
CAPACITORS BY ANODIC OXIDATION OF POROUS TITANIUM BODIES
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Department of Materials Science and Engineering,

University of Florida, Gainesville, FL 32611
and
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AB AC mm thick) having approximately 50% theoretical

Low temperature (50-60'C) anodic oxidation of density were prepared from 99.4% pure, -100 mesh

porous titanium bodies in an aqueous electrolyte titanium powder (Johnson Matthey, Ward Hill, MA)

containing Ba 2+ in solution has been employed to employing an uniaxial hydraulic press. The green

infiltrate BaTiO 3 onto a large surface area. pellet, were subsequently sintered at 1000°C in argon

Microstructural and dielectric characterization indicates atmosphere for 4 hours to improve the mechanical

the possibility of achieving extremely high capacitance strength while retaining most of the porosity. The

values by further improving the porosity of the Ti sintered pellets were estimated to be of about 60c%

bodies and electroding the BaTiO3 surface using theoretical density.

electroless plating techniques. The sintered titanium pellets were welded to a 0.5
mm dia. titanium wire to provide an electrical contact
during further processing and fabrication.

INTRODUCTION Electrochemical Deposition of BaTiO

Several recent reports have indicated that BaTiO3 Figure I shows a schematic diagram of the

may be electrolytically deposited onto Ti metal electrochemical apparatus for the deposition of barium

substrates at temperatures as low as 55°C (1-6). The titanate by anodic oxidation of the porous titanium

anodically deposited BaTiO 3 films usually have cracks bodies. The theoretical background for the formation

and fissures as discussed by Basca et.al (6). However, and phase stability of barium titanate under aqueous

BaTiO3 films that are electrically insulating have been electrochemical conditions was described in detail

prepared in our laboratories by reducing the elsewhere[2,8,91. The deposition was perfomned for 24

temperature and current at which the films are deposited hours under potentiostatic conditions (10-20V) at

(1,2). We have also controlled the oxidation potential of temperatures as low as 50-60'C. The electrolyte

the electrolytic solution by purging !he system with contained Ba2+ in 0.5M concentration as Ba(CH 3COO) 2

oxygen during the anodic deposition. By careful and NaOH in 2M concentration to provide highly

handling in air, we have also developed the capability to alkaline conditions necessary for the formation of

reduce the formation of BaCO3 on the surface of the BaTiO 3. The solution was purged with high purity

thin films. oxygen throughout the deposition period to promote the

The objective of the current paper is to report oxidation process.

the preparation of the first generation of electrolytic The depositcd samples were immediately washed

BaTiO3 capacitors based on anodic deposition techniques in ammoniated water to avoid the formation of BaCO3

reported in several earlier papers for BaTiO 3 and using on surface and subsequently dried in a vacuum

technology reported for electrolytic capacitors desiccator. Samples 2 and 3 were heat treated at 180°C

composed of more conventional materials, but lower in vacuum to further eliminate the moisture and slowly

dielectric constant such as -A1203 and Ta20 5 (1,2,7). cooled to room temperature.

The general processing steps and resulting dielectric
properties of this first generation of electrolytic BaTiO 3  Fabrication of the Capacitor
capacitors are presented followed by a discussion on A schematic diagram of the capacitor is shown in
how to improve dielectric performance in future Figure 2. The titanium wire welded to the porous
generations. The BaTiO 3 electrolytic capacitors have titanium body serves as the internal electrode whereas
the potential to serve as components in applications an aluminum disc of equal diameter attached to the body
requiring high capacitance at relatively low working with carbon paint serves as the external electrode. An
voltages of I to 2V. aluminum wire soldered to the disc acts as the lead. The

rest of the porous body is covered with carbon paint to
achieve the maximum contact area of the external

MATERIALS AND METHODS electrode. For Sample 3 only, electroless deposition of
copper onto the surface of the porous body was carried

Preparation of Porous Titanium Bodies out in an attempt to further increase the contact area by
Porous titanium pellets (12 mm diameter and 2 a possible infiltration of copper into the body.

CH3080-0-7803-0465-9/92$3.00 ©IEEE 89
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Electroless deposition of Cu was carried out under samples (after fabricated into capacitors as described
highly alkaline conditions to avoid dissolution of barium earlier) is summarized in Table I. The variation of
titanate. The sample was washed in deionized water and capacitance and dissipation factor (tan 8) with applied
then in ethanol before drying. After electroding, all capcitnce is sipati ator (n F)gwith appie
capacitors were hermetically sealed in a hard polymer frequency is graphically illustrated in Figures 5 anv 6
envelope and characterized for dielectric properties. respectively.Capacitance values are in the range of 1 -5 mF at

Characterization low frequencies (upto 50 Hz) and 50-100 nF at higher

Microstructural and dielectric characterization of frequencies (upto I MHz). The dissipation factor varied

the capacitors was performed in the Major Analytical from about 15 at low frequencies to about 0.5 at higher

Instrumentation Center (MA1C) at the University of frequencies. Very high capacitances at low frequencies

Florida. X-ray diffractometry (XRD) (Philips associated with extremely large dissipation factors are

APD3720, Cu-Ka, 40kV-2OmA), and scanning electron likely from the presence of alkali ions and moisture in

microscopy (SEM) (Jeol JSM6400) were used to the treated samples. Heat-treatment at 180°C in the case

characterize the microstructural and compositional of Samples 2 and 3 has resulted only in a slight decrease

features. An LF impedence analyzer (HP 4192A) was in tan 5. Further experiments are being performed to
employed to measure dielectric parameters such as evaluate the feasibility of using alkali-free electrolvtes in
resistance (Z), dissipation factor (d). and capacitance (C) the deposition process. Use of high temperature heat-
at frequencies ranging from 5 Utz to 13 MHz, under treatments (in the range of 500-600'C) may help
series equivalent circuit mode. remove the chemically adsorbed water.

Calculated volumetric efficiencies are in the range
of 1000-5000 pF.V/in 3 , taking the entire volume of the

RESULTS AND DISCUSSION sample into account. These values, as such, fall between
those corresponding to Ta 2 05 electrolytic and

Constituent Phases: conventional ceramic capacitorsj71. However, it is
As shown in Figure 3, the X-ray diffraction data expected that the volumetric efficiency can be

for the electrochemically treated porous titanium pellet substantially higher if complete infiltration of BaTiO; is
(Sar,,nle 1) confirms the formation of BaTiO3 on achieved.
titanium surface. However, the data also reveals the External electroding by electroless plating A Cu
presence of substantial amnount of BaCO 3 , despite (Sample 3) has resulted in a small increase in
rigorous precautions taken during the deposition process capacitance both at low and high frequencies.
to avoid its formation. Since the X-ray analysis is Preliminary studies on the polarization
restricted to the outer surface of the pellet, it is at characteristics of the samples indicated the paraelectric
present believed that BaCO 3 might have precipitated behavior with large leakage currents, confirming the
from the electrolyte solution in contact with the pellet at necessity for high temperature heat treatments. Break
the time of its removal from the reaction vessel. Future down strength measurements on these samples are
experiments will focus on modifying the washing currently being performed.
procedures to facilitate the removal of BaCO 3 from
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Figure 2. Schematic diagram illustrating the fabrication

of porous BaTiO3 electrolytic capacitor. Figure 1. Electrochemical apparatus for the low-
temperature deposition of BaTiO3 on titaniurn,
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Figure 3. X-ray diffraction analysis data for Sample I after elctrochemical deposition, shown with standard
JCPDS reference patterns for BaTiO 3, BaCO 3, and Ti.
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SYNTHESIS OF FERROELECTRIC Pb, *Ca.TiO3
SINGLE CRYSTALS

Noboru Ichinose and Tomonori Konachi
School of Science and Engineering

Waseda University

3-4-1 Ohkubo, Shinjuku-ku, Tokyo 169 Japan

Ferroelectric single crystals in the Pbj .CaTiO:,
system have been successfully grown by using PbO flux Preparation J Powderl PbO, PbTiO,,CaTiO0
method. Maximum volume of crystals is a function of
the Ca concentration and decreases with increase of x
from about 60mm' at x=O to 0.05mm:1 at x=0.3. Lattice Mortar Ihr
constants of a and c axes are decreasing with increase
of x. Curie points are also linearly decreasing from ing
487t' at xýO to 4781' at x-0.!, depending on the Ca
concent ration.

IntroductionAcid treatment HC1

It is well known that lead titanate (PbTiO:,) is a Washing Acetone
very useful piezoelectric material because of its high
Curie temperature (Tca490"X) and low dielectric con-
stant (,.200). However, pure lead titanate ceramic is Poi ishinig
very difficult to sinter because of its large tetrago-.
nality (cal.0b4). On cooling the strong anisotropy Electt
of ceramic material creates many internal stresses at troding Au Sputtering
the cubic-tetragonal transition and, as a consequence,
the ceramic becomes fragile. However, dense modified
PbTiO:, ceramic bodies were obtained by the addition of- uMa remIents

small amount of additives such as Nb.O:,.' Further-
more, large piezoelectric anisotropy has been reported Fig.11 Flow chart of manufacturing process

in ceramics modified with Ca or Sm.' 3 Especially,
concerned with the piezoelectric properties, Kp is
very low (1.1%) at a Ca concentration of 24mol% in Aspirator
the (Pb, ,Ca,)[(Co, .,W, ),, ,,Ti,, _10, system. Ani-
sotropy in the coupling constant leads this material
to wide applications, such as ultrasonic devices, I
medical electronic devices and a variety of sensors.
However, the physical reason for this large piezo-
electric anisotropy has been remained unclear. 2

Here, we have attempted to grow the ferroelectric
single crystals in the Pb1 ,CaTiOe,(0.30- x." O) system
in order to elucidate its origin.

Experimental 0 0 3

Crystal Growth Procedure

The crystals of pure PbTiO:, were grown using 6
various kinds of flux by many researchers.' 5 These
methods are usaful for the growth of large polydomainri 7
crystals which are usually thick and opaque.
Kobayashi' reported the growth af single crystals of
PbTiO:, using the well known Remeika7 technique. He
used a mixture of PbTiO.,, KF and PbO. Even in this
method it has been found that the crystals are heavily
twinned are not suitable for studying domainF 1 AIMOtube 5. Pt crucible

We have applied the PbO method to the ca• 0 f the 2Firebrick 6.Thermocouple
Pb, ,CaTiO3 in order to prepare crystals suitable for 3.A[2Ocrucible 7 Firebrick
several measurements. Figure I shows the flow chart of 4.S4C heater

manufacturing process. The molar ratio of the starting Fig.2 Furnace arrangement for growth of Pb, Ca.Tio,
materials, Pb, .Ca.TiO:, (x- 0-0.3) and PbO is 1:4
(for example, in the case of x 0.20, 10.42

9
g of single crystals

PbTiOO, 1.170g of CaTiO:, and 38.4g of PbO). A mixture
of PbTiO.,, CaTiO3 and PbO powder is placed in a plati-
num crucible (volume 75ml).

Furnace arrangement for growth of Pb, ,CaTiO, 20t,
single crystals is shown in Fig.2. In the case of x=O, ot/h

the eutectic point of the mixture is about 850'(2,
which was determined by a thermal differential method. 600t

However, as the melting point of CaTiOn (1915'V) is 0/, V/h
higher than that of PbTiO:i (1285' ), the holding
temperature for the Pbh ,Ca.TiO:, system is higher
depending on the Ca concentration. Tentative phase t5/
diagram is shown in Fig.4. The holding temperature is
chosen from 1000 to 1200V as shown in Fig.3, depen-
ding oo the Ca concentration. In this figure, a slower /
cooling rate between 600 and 4O0'0' is necessary for
preventing crystals from thermal stress at the Curie Fig.3 Heat diagram for Pbh ,CaTio:, single crystal
point of about 490T', growth

(111 080-t0-78(13-0465-9/9233.00( ©IEEE 94



Measurements 100

Domains were determined by hle intercept method
in scanning electron microscope (SEM) photographs. O

The final products were examined by X ray diffraction 0
using CauKe radiation. The compositions of crystals.-
were decided by Energy Dispersive X-ray (EI)X) analysis
and Inductive Coupled Plasma (ICI') method. Relative
dielectric constants were measured by LCR meter (YHP- 10
4194A) at 1kHz. 0

Results and Discussion

Grown crystal EE

Figure 9 represents maximum volume of grown 0
crystals as a function of the (Ca concentration x. In 1
the case of xAO, reddish single crystals are found in :3
the product with size of about 5.8x 5.7< 1.8mm. They 0

are almost polydomain crystals. The volume of grown 0

crystals is exponentially decreasing with increase of

x in the Pb, ,Ca,TiO, system as shown in Fig.4. The 0

crystal size for x=0.3 is 0.39< 0.37> 0.31mm. It shows
metallic grey-silver in color.

These crystals etched by HCI show domain struc-
ture. In the case of x=0.lO, maximum width is about
2lpm and minimum one is about 3pm. It is found that 0
the domain are almost 180" domain. This domain may be
due to no strain because of slow cooling between 600X'.
and 400V' 010 0 20 0%

Energy dispersive X-ray analysis shows the 3
peaks corresponding to Pb, Ti and Ca in Ca modified X

PbTiO,, crystals as shown in Fig.6. Figure 7 shows the
actual composition of Ca versus nominal composition of Fig.5 Maximum volume of crystals as a function of the

Ca in the Pb, ,CaTiO, single crystals. It is found in Ca concentration X

Fig.6 that coincidence is fairly good at above X=0.19.
The X-ray diffraction techniques have shown that

these crystals are single ones having tetragonal lat-
tice c=4.l52A and a=3.903A for x=O, and c/4.l15A and Fb
a=J.8b5j for xA0.25, respectively. Figure 8, 9 and 10
represent X-ray diffraction patterns for x=O, x=O.l C Ti

and xý0.2 in the Pb, ,Ca.TiO:, system, respectively. In
these figures, powders are crushed using single crys-
tals, In the case of xýO, the powder is including the
impurity of PbO which is coming from the flux. Lattice 30
parameters for these crystals are shown in Fig.8. "'25

Lný"ýý020

1500- q~015

1290< 
0 

-- ----- -.
10

1000-

500 - 0 - 0 - 0 .01

Tetragonat

a 10 20 30 40 so
0.28 5.12

CaTIO3 (mot%) X-ray Energy (key)

Fig.4 Phase diagram of PbTi0,-CaTiO., system Fig.6 Energy Dispersive X-ray diffraction patterns of

Pb, ,Ca.TiO, single crystal
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o .II - o - concentration X

(b) single
Ferroelectric properties

8 3 Figure 12 and 13 show the variation of permitti-

vity as a function of temperature at 1kHz for x=0 and
x=0.10, respectively. It is seen that at room tem-

l perature the dielectric constant is of the order of

30. It rises very steeply to a maximum of lx 10 in
La the neighbourhood of Curie point Tc. It is found in

_ __"_ _ Fig. 14 that Curie points are linearly decreasing from

20 3 0 60 7 8 487,x at x=O to 478C at x=O. 1, depending on the Ca
2 0 0 50 60 70 80 concentration. Maximum permittivity is also decreasing

20(e) in the following; 1.44• 10' for x=0, 1.21x 101 for

Fig.9 X-ray diffraction pattern of Pb1, Ca(, Tio:, x=0.O1 and 0.87" 10' for x=0.05.
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Conclusions

In conclusion, wte have successfully grown the

ferroelectric single crystals in the Phi (,Ca, TiO,,

system. However, at higher concentration of Ca, the

crystal size is very small for dielectric and piezo-

electric measuremments. So, we are amming to prepare
higher quality crystals with large size by using

another flux.
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EFFECT OF GRAIN SIZE ON THE GRAIN BOUNDARY RESISTANCE OF UNDOPED BARIUM TITANATE CERAMICS

Hee Young Lee$ and Larry C. Burton'

'Dept. of Materials Science and Engineering, Yeungnam University. Kyongsan. 712-749, Korea.

'Dept. of Electrical and Computer Engineering, The Pennsylvania State University.
University Park, PA 16802, U.S.A.

Abstract Recently, it has been reported that certain high K
capacitors based on BaTi03 show relatively fast

Effect of grain size on the grain boundary degradation rate. [3] Although degradation due to
resistance of undoped BaTiO3 ceramics fired at 1270 - defects from non-optimized processing can be improved
1410C was investigated assuming cubic grains sharing by the ever-improving manufacturing technologies.
their faces with adjacent grains. Two-step firing intrinsic degradation resulting from the inherent
technique was used to produce samples of different physical and chemical properties of materials cannot be
grain sizes ranging from about 1 to over 40 gm. Grain avoided unless the careful selection of chemical
boundary resistance values were estimated from the composition and processing technique is made.
complex impedance plots of samples measured at about Intrinsic degradation behavior of various MLC
4551C. It was found that the grain boundary capacitors were studied in detail by Burton et al. [3]
resistivity is approximately constant and is in the According to them, generic intrinsic degradation curve
range of 2.7 x 10-3 -- 2.8 x 10-2 0-m2, if the average can be schematically represented as the one in Figure
grain size is larger than I gm. It was also frund tlat I. As seen in the figure, there are three distinct
the grain resistivity is in the range of 37 - 180 O-m regions, of which the second is the most important. In
at 455". when the grain is partially depleted of that region, the exponential increase of leakage
mobile charge. When the grain was smaller than about 1 current with time occurs. Two possible models to
pm. the grain was totally depleted of mobile charge, explain this observed behavior have been proposed, and
and as a result, the grain boundary would control the one of them is related to the gradual decrease of grain
overall resistance. In such case, grain boundary layer boundary barrier height due to cation migration toward
extended to the center of the grain, and the situation the grain boundary. Therefore, it is quite appropriate
might be viewed as the disappearance of the grain, to try to understand the degradation behavior in terms
Thus, there would be single semicircle in the complex of grain boundary resistance. As a rough but initial
impedance plot. Such a case was observed in this approach of a series of systematic research, the grain
study, indicating the feasibility of the grain boundary boundary resistivity of undoped BaTi03 ceramics with
model we had proposed. different grain sizes is being presented in this paper.

1. INTRODUCTION t FAILURE
REGION I REGION II REGION III

Many electronic conductors can be viewed as grain -
z

boundary-controlled devices, in that their electrical LJ MEASUREDr• LEAKAGE
characteristics are largely influenced by. the presence LCURRENTAK

of grain boundaries. Examples include PTC thermistors, - -

varistors, and grain boundary barrier layer capacitors. , ELECTRPNEcS~COMPONENT
0 -Electrical properties of these materials may not be .j

provided by other classes of materials, and
consequently they found wide and unique applications in TIME
electronic components, including self-regulated heater,
degausser, surge arrester, line conditioner, etc. For Figure 1. Generic plot of leakage current versus time
this reason, semiconducting ceramics have been for intrinsic degradation mechanisms. [3]

investigated by numerous researchers and the role of
grain boundaries in dc resistivity is well understood.
11.2] Many quantitative models which are in good 2. GRAIN BOUNDARY RESISTANCE IN HIGH K CERAk1IC

agreement with measured data have been proposed.
However, the role of grain boundaries of high The origin of grain boundary resistance to charge
resistivity ceramics in electrical resistance and transfer is the potential barrier present along the
capacitance is not still clear, boundary. The potential barrier is developed by the

CH3080-0-7803-0465-9/92$3.00 ©IEEE 98



majority charge carriers trapped at the grain boundary the area of electrode. t the thickness of a sample.

states and by the compensating opposite space charge and d the average grain size.

distributed toward the inside of the grain. For n-type

electronic conductors, these are electrons and positive o00

space charge. Additional charge can arise from

electrons trapped while traversing the grain boundary

under voltage bias, from a discontinuity in the normal

component of polarization, and trapped ions at the

grain boundary. The latter two sources of charge can 10
be compensating as well, reducing the net charge at the

grain boundary. If the material is in the non- K lo0

ferroelectric state, grain boundary resistance can be a8 (evl
NGo 10,3c."

modelled simply in terms of the formation of double 'o

Schottky barrier at the grain boundary. The assumptions 0 /

for the model included homogeneous grain and grain

boundary, no polarization discontinuity at the grain

boundary, and no second phases along the boundary. For

n-type materials, grain boundary potential under

thermal equlibrium without voltage bias is expressed as
0 01 1 0 0

c i IC 0I00

q2 ND WZ q2 NB() GRAIN SIZE ()m)
2 K t. 8 K co ND

Figure 2. Dependence of calculated barrier height on

where ND is the donor impurity concentration in the grain size under suitable assumptions

grain, NCB the occupied grain boundary state (values of parameters indicated). [4]

concentration by electrons, W the half-width of space

charge layer, and K the relative dielectric constant.

Assuming the composition of samples is constant and 3. EXPERIMENTAL PROCEDURE

the firing condition does not change donor impurity

concentrations, grain size dependence of equilibrium BaTi03 powder used in this study was the highest

potential barrier can be sketched as Figure 2. [4] purity commercial powder with cation sublattice A/B

Although the graph was drawn for values of parameters ratio of 1.000.2 In order to control the

assumed in the figure, the same shape will be obtained microstructure of otherwise undoped RaTiO3 ceramics,

with different threshold grain size and saturated powder compacts in disc shape were fired at 1270"C for

potential barrier height. Below the threshold value. 30 minutes using a fast heating rate of lOC/min. This

grains are totally depleted of mobile charge, and the yielded sintered ceramics with about 87" theoretical

potential barrier increases in proportion to the square density and less than I Mm grain sizes. 2 moli barium

of the grain size. At the threshold, total number of nitrate was added to stoichiometric barium titanate to

charge carriers is exactly equal to the number of avoid discontinuous grain growth during the primary

grain boundary states. Moreover, according to the firing process. Secondary firing was performed in the

model, the grain boundary barrier saturates so that the temperature range 13101C "- 1410"C for 30 minutes in

resistance of the grain boundary per unit area should order for uniform grain growth to occur.

be the same. Under small voltage bias, electrons in

the conduction band move to the next grain by thermal Analysis of complex impedance can be used to obtain

activation, so that the resistance of single grain valuable information about grain boundary resistance in

boundary may be expressed as follows. polycrystdlline materials. [5] Impedance measurements

were made for disc samples with a Hewlett-Packard 4192A

Rgb = Ro exp((.o / k T) (2) Impedance Analyzer. Typically resistance and reactance

values are measured across a frequency range usually up
where R. is the constant related to the resistance of to I MHz, in order to minimize an error from lead

the grain. inductance. Two probe dc resistance was measured with

Keithley 617 Electrometer during impedance measurement,
If we further assume all the grains are of cube while 4 probe dc resistivity was measured for

having the same sizes and sharing their faces with bar-shaped samples cut from discs of the saie lot.

adjacent grains, the grain boundary resistance per unit This was necessary to identify grain, grain boundary,

grain boundary area may be expressed by the following and contact contributions to the total impedance.

equation.

Sample temperatures were maintained at values in the

Pgb = RGB (A d / t) (3) 350"C to 600*C range. This is because the resistance

where RGB is the total grain boundary resistance, A 2 TICON HPB powder. TAM Ceramics, Inc.
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de R 99 k-Ohm
limit of the bridge is only about 1.3 M0, and elevated 50

temperatures are required to bring sample resistances ( a ) T 455 "C

below this value. This is somewhat objectionable, - 40 - 77 kHz

since our ultimate goal is to learn more about E

capacitor ceramics near room temperature. However, we J 3
I A•

may still gain some useful information, since the role 20

of grain boundary may actually be enhanred at elevated

temperatures due to the decrease in dielectric I t

constant.

0 J 50 I

4. RESULTS AND DISCUSSION R ( k-Ohm

dc R 19 k-OChm
Apparent densities ad average grain sizes of 10 o 4t5 'C

sintered ceramics were determined. Results showed 87

S 95 % density increasing with secondary firing 8 -
- 1 !2 kHz

temperature, and increasing grain sizes with k -

temperature as well. Average grain sizes determined by 0

the line intercept method are summarized in Table 1. 4

X' 223 18 ktlz
Table I. Average grain diameters of undoped BaTi03 2 "

ceramics calcined and f~red at various

temperatures (Ba/Ti ratio 1.02). 0 20 10 lei

Firing Calcining Average Grain R k-Ohm

Temperature ('C) Temperature (*C) Diameter (pm) 25 ccp t -t

S( cr t

1270 1100 1.0 2 0 4

1270 1200 3.4 E

1310 1100 8.2 ? 223iaiz

1330 1100 12 -. 0

1365 1100 1325

1390 1100 20 0 05 25k

1410 1100 25

1400 1200 40 0 0
00 0 - 0 25 "5 . - 5

R k-Oh•)

Complex impedance plots for undoped BaTiO3 ceramics Figure 3. Complex impedance diagrams of undoped
with different grain sizes are illustrated in Figure 3. BaTi0 3 ceramics with various average grain

As seen in the figures, single semicircle appears when sizes at 455C : (a) 1.0 pm, (b) 8.2 gm.
the average grain size is smaller than 1 pm. while two and (c) 20 pm.

clearly discernible semicircles do when the average

grain size is larger than 1 pm. This result is begins to exceed total number of grain boundary states,

consistent with the previously reported result by Lee i.e. the grain will be partially depleted of mobile
et al. [6]. and can be explained by the following, charge. Therefore, the resistance of the grain will

become smaller than that of the grain boundary due to
When the grain size is smaller than some critical the presence of free carriers. At the same time, the

value, the grain will lose all of its electrons to the resistance of unit area of the grain boundary is

grain boundary states, and the electrical resistivity expected to stay at about the same values according to
of the grain will be increased since charge carrier Figure 2 and equation (2).

concentration in the grain vanishes. In this case

modified grain boundary layer extends to the center of For undoped BaTiO3 ceramics, partial depletion may
the grain, arl the difference b-tween grain and grain occur for the ceramic of grain sizes larger than I gm

boundary no longer exists. In fact, we may view the at 450"C. Two semicircles observed for ceramics with
situation as the disappearance of the grain. This grain sizes larger than I gm should be assigned to

concept is supported by the fact that the single grain and grain boundary contributions, with the high
relaxation in I pm sample in Figure 3 occurs at about frequency arc being assigned to grain contribution.
the same frequency for the grain boundary relaxation in Contact resistance is negligibly small for high

the samples of larger grain sizes (Figure 4). resistivity ceramics as verified by four point probe dc

resistivity measurements.
On the other hand, as grain size increases, total

number of mobile charge carriers present in the grains In general, the threshold grain diameter for partial
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depletion may change since the charge carrier 10-2

concentration can be a strong function of temperature, a
whereas the grain boundary state density is not. This

statement can even be applied to ceramics of the same

compositions. If the composition is allowed to change. r bcuinair./

the threshold value will, of course, vary as well. 10-1 E 19 ev
7

In our experiments, threshold grain sizes for 0/

partial depletion do not seem to change in the
temperature range of 400 "- 550"C. Therefore, it may

be reasonable to assume that the charge carrier

concent-ation is about constant or changes little in 10-

thib temperature range for undoped BaTiO 3 ceramics.

Incidentally. relaxation time constants. T, for two

different relaxation mechanisms are expected to vary

exponentially with inverse temperature according to the 10I

following equation. 125 130 135 140 145 150 155

T = To exp (Er / k T) (4) 0.2 l T (x0 K

wh_.-e Er is an activation energy for relaxation. (b

This relationship is illustrated in Figure 4 for two 10-3 _

typical cases. When the grain is totally depleted. -• Grain boundaryeV

only grain boundary relaxation mechanism is evident.

Since time constant is defined by the RC product. 10-

the above exponential dependence is almost contained in

the exponential dependence of resistance. Capacitance

values in the temperature range we have studied are 10-

given by the Curie-Weiss law. and not a strong function Grain E= 06 eV

of temperature. Thus, the activation energy for

electrical resistivity is expected to be about the same 1O-e

with activation energy for relaxation, especially if

single relaxation mechanism exists. The important

thing one can recognize immediately in the figure is ., I

that the activation energies for grain boundary and 1 25 1 30 1 35 1 40 1 45 1 50 1 55

grain mechanisms are different with the former having a

higher energy. The similar activation energies are I/T (x O-10 K-
nbserved in the inverse temperature dependence of

Figure 4. Logarithmic relaxation time versus inverse
logarithmic bulk resistivity measured by four-point temperature for BaTiO3 with average grain

probe dc technique shown in Figure 5. From the figure, sizes of (a) I gm and (b) 20 pm.

it is evident that two linear regions appear for 20 gm

ceramic which has partially depleted grains. ie. be true for undoped BaTi0 3 ceramics whose electrical

mobile charge carriers in the grains. As expected by properties we are reporting in this communication. The

the grain boundary model we proposed. dc resistivity of only difference is that, even for samples with low

samples with partial depletion is much lower than resistivity such as 20 pm ceramic. at sufficiently

samples with total depletion. Especially at the lower high temperature the activation energy increases to

temperature region below 440"C for 20 pm ceramic, the that of high resistivity ceramic. We may assign the

resistivity increases much more moderately with lower high activation energy in the range of 1.2 "- 1.5 eV to
activation energy than I pum ceramic as temperature is the thermal activation energy required for grain

lowered. It is interesting to note that the activation
enegy n tis egin i vey coseto hatof he boundary transmission. The low activation energy atene rgy in th is reg ion is ve ry c lo se to tha t o f thet e p r u es b l w 4 0 C f r 2 m c a i c ay e d etemperatures below 440"C for 20 pm ceramic may be due

relaxation mechanism of grain, whereas the activation to hopping potential in the grain. In this case, the

energy in high temperature region is about the same charge carrier density may be constant as reported
with that of the relaxation mechanism of grain previously for a X7R material, and thus the activation

bounoary. energy is controlled by the mobility of carriers. The

possibile intrinsic carrier generation above 4401C for
We hav'e previously reported that the activation 20 pm ceramic may be responsible for the increased

eiergy and the logarithm of resistivity are activation energy.

approximately linearly correlated for a class of

sommercial X7R capacitors. [7) The same trend seems to According to the model described in section 2, the
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plots in the temperature range 400 - 550"C. while two
0 clearly discernible semicircles appeared *hen the

average grain size was larger than 1 )m. Since

- threshold grain sizes for partial depletion do not seem10, I• l

to change in the above temperature range, it may be

Sreasonable to assume that the charge carrier

2 lconcentration is about constant or changes little in

2e Amr.- this temperature range.

. ,1I 46 V -

E t ... From the analysis of relaxational time constants,

o -the single semicircle observed for 1 um sample was

- * . ,-attributed to the grain boundary contribution. Two

-• *semicircles appeared for samples with grains larger

than 1 pm were attributed to grain and grain boundary

-.. '• contributions. Contact resistance was negligibly

small, %hich was confirmed by four-point dc resistivity

measurement Activation energies for grain boundary

1, 6 and grain mechanisms are different with the former

having a higher energy. Thermal activation energy

I X I) 11 values obtained from the Arrhenlus plot of four-point

gire 5. Four point resistivity of und~ped RTJ 03 resistivity seemcd to be related to those from time

ceramics with different axerage grain sizes constants. Possible explanation for tw- linear

as a function of inverse temperature, regions resulting in two different activation energies

for 20 pm sample was presented.

resisti•ity of unit area of grain boundary should be

the same for all samples exhibiting partial depletion foi nd th at ue b grain asstion,
of ohie care. n adiion ifweassme he It was found that the grain boundary resistivity was
of mbil chrge Inaddtio. if w asumethe approximately constant and was in the range of 2. 7 x

thickness of the grain boundary layer including space

charge region is negligibly thin compared to the grain 10-3 - 2.8 x 10-2 0 m2 , and that the grain resistivity

diameter, the resistivity of the grain should also be was in the range of 37 - 180 0-m at 455"C, if the

the same for materials with fixed compositions. The average grain size was larger than I pm.

data calcUlated from equation (3) are tabulized below.

Table 2. Calculated resistivity of grain and grain 6. REFERENCES

boundary of undoped BaTiO 3 ceramics at 455"C.

Average Grain pg (0 m) Pgb (0 m
2 ) [1) L. M. Levinson (ed.), "Grain Boundary Phenomenain Electronic Ceramics". Advances in Ceramics.

Piameter(pm) Vol. 1. Am. Ceram. Soc. (1981).

1.0 5.7 x 10-3 [2] M. F. Yan and A. H. Heuer (eds. ), "Character of

8.2 160 6.9 x 10-3 Grain Boundaries", Advances in Ceramics, Vol. 6,

12 37 3.1 x 10-3 Am. Ceram. Soc. (1983).

13 42 2.7 x 10-3 [31 L. C. Burton et al.. "Intrinsic Cechanisms of

20 63 3.7 x 10-3 Iultilayer C:ramic Capacitor Failure". Annual
25 180 2.8 x 10-2 Report, ONR Contract %'o. N00014-83-K-0168 (1986).

[4] H. Y. Lee, S. S. Villamil, and L. C. Burton,

"Grain Boundary Impedance in Ferroelectric

Although the model we proposed is simple and based Ceramic", Proceedings, 6th IEEE International

on several assumptions, one may find out the relatively Symposium on Applications of Ferroelectrics,

good agreement between the model and the experimental 361-366 (1986).

data from this table. [5] J. E. Bauerle, "Study of Solid Electrolyte

Polarization by a Complex Admittance Method", J.

Phys. Chem. Solids, Vol. 30, 2657 (1969).

[61 H. Y. Lee, X. Ciiu, and M. A. Watts, "Effect of

5. SU•,ARY AND CONCLUSIONS Grain Si7e on the Electrical Properties of

Capacitor Ceramics", presented at the 91st Ann.

For undoped BaTi03 ceramics with different average Meet. of the Am. Ceram. Soc., Apr. 23 -- 27,

grain sizes, we can conclude the following. Indiannapolis, IN, U.S.A. (1989).

[7] L. C. Burton et al., "Intrinsic Mechanisms of

When the average grain size was smaller than I gm, kiultilayer Ceramic Capacitor Failure", Annual

,,irgle semicircle appeared in the complex impedance Report, ONR Contract No. N00014-83-K-0168 (1984).
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Grain Bloundar. l"eha , , i rehelll ii- .ý, .:i' is.m I.

(i ) k Uaz H I.,L s h Miaw M.iaia~ inytbi ,;lI IWa !i

I.j ilm, n[It Ma týrt ri ý Is S cI, in C ad C' in tI c a , in iC i

Sh,,nan lfist itut . t lechni :(; gt,

I I-25, suJiid s, N ish ,l iigan. l'u.}isaw a 2 1,- . A: I'an

Insteoad o I' t fam,,us Ma ,w t Wagi n r du 1 2- I • , rim niI

layke theor$ f,,r the animaIlWS die0l'ectric Plas. i thI all ,m lS ilctr c -0 .;!1t 1

abs(,rpl in current. a neow space, char g e md,'l is ciirr ilt s :i .,- ti1, tuIt i , I! " : iý ii ,

p ,r sed based ,n theo experimental rIks ti Is , ceramics c , thIl I L'kc t s I* giant spat, crIi gý .

HaIi0, ceramics heon an eI ctric Liie is appliep d .Sr. a'lia Cii eramic s"lifil s [t,!S ,a itn:.

aho,'ex the C'urie, p, int. i'bis m , I can 3 ,Xp i nii pint , 50 I,.r, mt.asul,-d. Ib ph,ýnm,.n .i

the ,.ry big charg, m,)r, than 1000 a'c cm stored charging and discharging pr,,css d Ski al), r,.f.i

dulring thei charging b, dc I*ieold ,ppi icatinn abv,,\, temperature, shuld cirre,sp,ind t4, these, .I Fi ahef,

the Curi,, pirt and the ti me d(pepnde.nco ,f 'I. h,' try atmnt d p,,i iinig at a tm, ; pf ratur,- ab), 1 k

discharging a1 s0)rptiIn current, When dc I'ii t' I s I named as "high p,,Ie, ,,r high p1 irng". High pi,,i.d

app Iied at r im tnmpekratur k tt (Sr. laiii , ,r amics Ierr e,(lIctric ceramics han, a giant spate c ItaRg,

'ith a Curie puirlt of 50 -, tire beha% iors pIarizat tin moire than 1000 atC cm'. Ihe p. rr,

co>rresponds t o those • ) ali ia 0,it ,hen a dc fieid is eltctric ciii'reit ''I SIfl was m,'as reiI'd Using a

appli lj alive ti t, Curie p,>int. 1he saample, cain hat' galvan, ,r with e)bser\ati<,n ki 1 the grain b;oundar>

a giant space charge pýIaarizat on. Fht, apparent Its i ing a SliM.

pyrelect ric currnt was neasurend with discnnssi,,n

on the role <1o grain bIundaries. 3. Results and [)iscussi,,n

3. I Anomalous dielectric absiýrpt in currents of

Key,4 rds: space charge effect. high poling, i'erro, lectric ceramics abov, Curie piint

ferroelectric ceramics, ,aTit., (SrIa)TiO-, As is w , ll known. w hen an eoIectric field, V. is

anomalous aibsirpt in c errent, pyroo(lectric current appIi ed t H t" C sernes circuit, the charging and

discharging current is expressed as
i. V R.eXp( t -RC) i,, I1

I. Int riduct ion and the total stored charge. Q. b the lo'wk ing

In 1960, Okazaki propsod two t) pes of space current shiuld be

charge models fIor IaliO-, ceramics in order to Q f(C. V) C'V (C). 12)

ex p1 a in very comp Ii cat ed phenromena oc curi ng when tiowever. when V is app ied toi CBa it,(thi)

an electric fie'ld is appi iod at various ceramics anoe the Curie point. 1.. the charging

temperatures below and above the Curie point. and discharging currents should not expressed b)

One ot the space charge erl'ects is prediucNd by eq. (1). Namely. the logarithm of currnt. i.,. and

electric f ied application above the Curie( point the l ogarithm of d ischargi ng t inm. t ,, have a good

(P, effect). ")', Other is generated during the linear relationship. This means that the phenomena

aging process after normal poling ( P,ý effect). :" cannot be explained by the well known Maxwell

", In this report, the 1), fl'Itect o<t (Sr. Ba)TiO 0agnvr double layer theory. The anomalous

ceramics with a Curie point ielow room di,electric absorpt ion dielectric is experimentallyI

temperature was exam i ned a nd the role of grain expressed as

bounda: ies such as a st i•iage bat tory was i., i t (3)

discussed. where i is the td ischargi ng current at t, I mi n.
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Table I. Experimental a values of BaTiO3 ceramics above T. and

the total amount of stored space charge

T.=Td E, tp i I Q*

(M (kY/cm) (S) (xlO'° A/cm') (gC/ca')
130 2 100 0. 946
8 8 0 0.867
0 20 0 0. 837

1000 0. 635

* 3000 0.562

10000 0.468

160 20 100 600 0.890 94
" 300 703 0.700 273

"0 ' 1000 712 0.562 898

"N 3000 720 0.526 2685

190 2 0.923

6 0.732
"# 20 0.678

The i,1 in BT ceramics above T,- is dependent on charging and discharging process is very similar

the field application temperature, T•, the applied to that of a storage battery. For the storage of

field, E•, the field application time, tý. and the electric charge in BT ceramics, a barrier layer is

discharging temperature, T,. Then, in the necessary in the ceramics. It can be considered

ferroelectric ceramics above T-, that the barrier in BT ceramics above T, seems to

Q f(C, V, E, T, ttp, T,). (4) be the grain boundaries. This is because there is

When only 1, eq.(3) -eq(l). Table 1 no domain wall above T.. This result apparently

illustrates the experimental j values of BT cannot be explained by the principle of

ceramics above T, and the total amount of stored conservation of energy. Okazaki has proposed a new

spsce charge under various high poling conditions, space charge model for anomalous dielectric

For example, when EP - 2 kY/mm, TP - 130 ý and absorption current as shown in Fig. 1. Followings

t, 3000 s for BT, are the basic idea;

S0.526 < 1. (5) a. inside every grain, a space charge with a very

When i < 1, the total charge of the anomalous long relaxation time exists.

discharge current should be infinite, b the space charge migrates according to

Q "I-dt x. (6) diffusion equation corresponding to R-C

As is well known, the spontaneous polarization, distrubuted circuit.

P., of BT single crystal at room tempetature is c the migration of the space charge is limitted

about 25 gC/cm'. The P. of BT ceramics at room at the grain boundaries.

temperarure is on the order of about 7-10 uC/cm'. The model of the space charge inside grain, the

Hlowever, the total charge to be stored in BT above simulated equivalent circuit and the calculated

T, during the charging and discharging process is results of normalized Log I Log t relatinship are

possibly more than lOCO #C/cm'. Yamanaka also shown in Fig. l(a),(b),(c) and (a).8)

reported the giant polarization.') Galvanometric The space charge model of Okazaki for dielectric

measurement shows that the Log I-Log t linear absorption model can explain;

relationship held true even after one week. The
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Fig. 1. Space charge model for dielectric

Fig. 3. SEMI photograph of SBT sample albsorpiion current
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3. 3 Pyroelectric current of high poled SBT 18. 0 ,-- - r- - r

Figure 4 shows a pyroelectric current of SBT

sample high poled at 140 " under 5 kV/mm for 3000 14.0 heating rate 0t/ain

s at a heating rate of 1 '/min from 25 ý to

180 * fhe pyroelectric current is gradually .

increased with increasing temperature. If the

sample is kept at a constant temperature, it
Z~ 6. 0
0should be slowly decreased with time with a very

long relaxation time. The measurement was made for
2. 0

30000 s, but the pyroelectric current is still

alive at a value of 1 x 10 ' A/cm2 . 20 60 100 140 180 220

Figure i shows the pyroelectric pulse current kemp(t)

observed at repeated temperature change of 25 • Fig. 4 Pyroelectric current of a high poled SBT

and 60 ý oil bath. This result predict a sample.

possibility of pyroelectric application of high

poled ferroelectric materials.

Summary 20
Space charge model proposed for the anomalous

dielectric absorption current current of ferro- C15
electric ceramics above Curie point. The pyro-

electric current of (Sr,Ba)TiO 3 ceramics above the 10

Curie point was measured and discussed. U

5
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ELECTRIC FATIGUE INITIATED BY SURFACE CONTAMINATION IN HIGH
POLARIZATION CERAMICS

Qiyue Jiang, Wen~u Cao and L. E. Cross
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

ABSTRA(7I

Recently electric fatigue phenomenon in high polarization ceramics main reasons for the inconsistencies of those reported expenmental
has attracted more and more attention because of the development of results.
high strain actuators and ferroelectric memory devices. We report a EXPERIMENT PROCEDURES
study on fatigue behaviors of hot pressed PLZT with composition
7/68/32 under different surface conditions. It is found that the fatigue Lanthanum doped lead zirconate titanate ceramic specimens
occurred at a few thousand of cycles is mainly caused by
contaminated surface instead of intrinsic structurc deterioration. For were fabricated from mixed oxides by hot pressing technique. The
the same gold electrodes, samples with conventionally cleaned surface composition used in this study is (r0.6Ti0.32)0.982503

Conventionally, this formula is simplified to a form 7/68/32 accordingshowed significant fatigue within 1()5 switching cycles while samples to the mole ratio of La/Zr/Ti. The average grain size is about 54.m. At
with surfaces cleaned by an improved procedure did not fatigue even room temperature 7/68/32 is in rhonibehedral phase. Samples were
after 10ý switching cycles. The mechanism of fa:igue introduced by first cut into platelets with the areas of about 10 mm 2 and thicknesses
surface contamination is txplained by interface degradation between in the range of 150-3(),m, then annealed at 6X0)C for I hour toceramfic and electrode. nterneo 5-01tn hnanae t60° o ort

release the mechanical stress generated during cutting and grinding
INTRODUCTION processes.

In conventional cleaning procedure, organic solvents (alcohol or
Many applications of high polarization ceramics, such as high acetone) were used to rinse the samples and then the samples were

strain actuators and ferroelectric memory devices, involve repeated dried in air at room temperature. An improved cleaning method used
reversals of the polarization. One critical limitation on the in our experiments is described as follows: first the samples are
performances of these devices is the fatigue associated with repeated cleaned by conventional procedure, then they are further cleaned
electrical cycling, ultrasonically in solvent, and finally the samples are heated in a

In 1953, McQuarrie It I first reported the time dependence of the furnace for 1 hour at 500-6(X)°C. Gold electrodes were sputtered onto
P-E hysteresis loop in a BaTiO3 ceramic. He found that after several the sample surfaces.
weeks of switching at 60 Hz, the square shaped hysteresis loop was The properties studied here are the remnant polarization Pr, the
changed to a distinct propeller shape with some obvious decrease in maximum polarization Pml, coercive field E.., and the dielectric
both the maximum polarization and the remnant polarization. Merz constant in depoled state. High voltage sine wave AC field was used

to switch the polarization, and the hysteresis loops were measuredand Anderson [21 studied fatigue behavior in a single BaTiO3 crystal, though a conventional Sawyer-Tower circuit and a Nicolet 214 digital
a gradual reduction of polarization after a few million switching cycles oscilloscope.
was observed and the fatigue behavior was related to the patterns of
the electric field (sine wave or pulse train wave). The ambient RESULTS AND DISCUSSION
atmosphere was also reported to affect on the switching stability of
BaTiO 3 single crystal 131. A more detailed study of fatigue was carried Fatigue in PLZT Specimens Cleaned by Conventional Procedure
out by Stewart and Cosentino on La or Bi doped PZT ceramics 141,
,hey showed that the polarization decreased rapidly and was reduced Fig.l shows a typical result obtained at 10 Hz from a specimen
to half of its original value after 5x 106 switching cycles. They cleaned by conventional procedure. One can see that the fatigue
concluded that the patterns of electric field, the types of electrodes, started at about 103 switching cycles, and proceeded very rapidly
and the ambient conditions had no significant effects on the fatigue between 105 -106 cycles. The polarization Pr dropped to a value
behavior. Fraser and Maldonado 151 also studied the same La doped below 30% of the initial values after 106 switching cycles. The
PZT ceramics and reported significant effects of the electrodes. The), changes of the saturated polarization which was not show here have
found that when indium was used as electrode material instead of gold similar behavior as that of the remnant polarization P,. Fig.2(a) and
or silver, there was still 85% of the original remnant polarization left 2(b) are typical hysteresis loops before and after the fatigue test. The
after 109 switching cycles, but fatigue occurred much faster when coercive field Ec also increased with switching cycles. We found that
using lead, aluminum, gallium, silver and gold as electrode material, the polarization decrease is always accompanied by the increase of the
Carl (61 observed significant degradation in the L-- Mn doped coercive field Ec, which is consistent with the results obtained by
PbTiO 3 ceramics, after only a few thousand swiL~hir ,.ycles the other researchers 141(51171. Measurements made at the frequencies of
polarization dropped to 30% of its original value tc: -l'er with some 100 Hz and 200 Hz did not show apparent difference.
increase of the coercive field, and some cracks were also observed on
the surfaces of the samples under SEM. Fatigue in PLZT Specimens Cleaned by Improved Procedure

Despite the fact that the fatigue effect is the major factor which Fig.3 shows the changes of the polarization and coercive field
prevents some potential applications of ferroelectrics, only a limited w ith swit ch ampes cleane byaimproved cere.
number of papers have been published on this subject. In addition, with switching cycles for samples cleaned by improved procedure.
these published results by different investigators are often in The experiment was carried out at a frequency of I(X) Hz. No fatigue
contradiction, and there are no satisfactory explanations for these was observed even after 108 switching cycles. We can see this more
discrepancies. Therefore a systematic study on this subject is needed clearly from the two hysteresis loops in Fig.4, which were recorded
in order to understand the origin and mechanism of fatigue behavior, at 103 and 2x108 switching cycles, respectively. We can conclude
We report here the first part of an extensive study of the fatigue from these experimental results that the fatigue shown in Fig. I is
behavior on La doped lead zirconate titanate(PLZT) ceramic system. purely extrinsic, i.e., caused by dirty surfaces. The actual lifetime of
The reason for choosing PLZT ceramic system is because its PLZT 7/68/32 ceramics with average grain size 5 p.m is much longer
relatively low coercive field, large polarization and square shaped than that shown in Fig. 1. For improperly cleaned samples, the
hysteresis loop. Moreover, hot pressed PLZT ceramics are organic contaminants are trapped at the ceramic-electrode interfaces.
transparent, therefore have potential applications in non-volatile During switching, a large electric field(15-40 kv/cm) was
memory, electro-optical, and elctrostrictive devices. In this paper, the continuously applied on the sample, the trapped contaminates will
focus will be on the effect of surface contamination on the fatigue cause large field concentrations resulting a failure of the electrode
behavior. We believe that different surface conditions was one of the bonding.
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Fig. 1 The changes of the normalized remnant

polarization Pr and coercive field Ec with Fig.3 The normalized polarization and coercive
switching cycles for a conventionally cleaned field as functions of the switching cycles for a
PLZT 7/68/32 specimen. specimen cleaned by the improved procedure.
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Fig.2 Typical hysteresis loops at 103 (a) and 3x10 6 (b) Fig.4 Typical hysteresis loops of a sample cleaned by

switching cycles for a conventionally cleaned PLZT improved procedure at a frequency of 100 Hz. (a)

7/68/32 sample at a frequency of l0 Hz. a, 103 switching cycles, and (b) at 2* 108 cycles.

value after 108 switching cycles and E. increased about 18%. Sample
Although these experimental results may not be used as a proof I was the worst among the three samples, its Pr reduced to 30% of

to discredit the validity of other previous explanations on fatigue in the initial value, and Ec increased 50% after only 2x106 cycles. Since
terms of internal domain behavior, we can at least conclude that the the three samples only differ in surface treatments, these discrepancies
fatigue in fine grain hot pressed PLZT 7/68/32 is caused by the in fatigue results can only be explained in temis of the different degree
improper ceramic-electrode interface, may be eliminated through an of surface contamination.
improved cleaning procedure described above. This finding is Although the experiments clearly indicate that the fatigue is
encouraging for many prospective applications of ferroelectrics. initialized at the interface between the surface and electrode. The

reactions of organic contaminants under high AC field at the interface
Fatigue Originated from Surface Contamination are very complicated. A few possible explanations for what might

have happened at the interface are: 181191 1) electrochemical reaction,
A. Deterioration of Ceramic-Electrode Interface under High AC such as ionization of contaminants, reduction of the chemical

[iel composition near the sample surface: 2) corona, high voltage can
ionize water and organics, causing partial discharge which leads to a

In fatigue experiments the possible sources of contaminants are: time related continuous degradation of the dielectric property; 3)
abrasive residue from grinding process; residue of solvents(water, contact deterioration effect, residue of solvents and skin grease
alcohol or acetone); water in the air; residue of the bonding glue from prohibit a direct contact of the metal electrode with the sample surface,
cutting process; skin grease from finger touch. Without further resulting a poor contact. When a poor contact occurs, a large field is
cleaning these contaminants are left on the surfaces of specimens, and applied to the contaminant layer which has much smaller dielectric
being sandwiched between the sample surface and the electrode, constant than the sample, causing electrochemical reaction, resulting
producing a poor interface contact. The effects of solvents and skin in a partial failure of the contact.
grease were further examined in the following experiments. First, the The electrode surface of a fatigued sample (which was cleaned
samples were etched by H3PO4 acid to remove the abrasive residues by conventional method) was examined under SEM, and many
and skin grease, then the following surface treatments were given to regions were found where the electrode has been separated from the
three different samples: ceramic as shown in Fig.6. We believe from our experimental

a) sample I was washed by water and acetone, then rubbed both observations that the explanation 3) above may be the most
surfaces by fingers; appropriate one.

b) sample 2 was washed by water and acetone, then let it dry in
the air; B. The nature of the fatigue by surface contamination

c) sample 3 was washed by water and acetone, then heat treated
in a furnace at 500 oC for I hour (free from contamination). In order to find the nature and degree of damage produced

Fig.5 shows the results from the fatigue tests on these samples during fatigue, different heat treatments were given to a fatigued
using a 100 Hz sine wave AC field. The remnant polarization of sample. Table I listed the remnant polarization Pr and the coercive
sample 3 did not decrease at all after 108 switching cycles, only E. field Ec measured after the fatigued sample went through a heat
increased slightly. The Pr of sample 2 fatigued to 85% of its initial treatment at 300 OC for 3 hours. Only partial recovery of Pr was
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0 Sample 2 Fig.6 SEM photograph taken from the electroded
15Sample 3 surface of a fatigued sample.

S 1-0 -w C which is 470 1C higher than the dielectric m 1aximum tcllperature.
Therefore, the fatigue %e have obserxed could not be due to the
domain wall pinning, instead. ,e believe that the intergranular

S(b) microcracking is responsible for thc nion-re o•erable fatigue initiated
.. 0 .. .4 .. .l ' 17 .. 8. .. by surface contamination. Scanning [lectron Microscopy Aas

Z 1 0 1 0 1 1 05 performed on a fatigued sample(f-1g.7 a) and non-fatigued
sample(Fig.7 b) with ground surface',. The samples were etched

SWITCHING CYCLES using H3PO4 acid to remove gold electrodes. On the micrographs in
Fig.7, we can see some of the grinding damages and etch-pits for the

Fig.5 The normalized remnant polarization (a) and coercive field (b) non-fatigued sample, while for the fatigued sample t ,e see a lot of
as functions of switching cycles.Sample I was contaminated grains without grinding damages and etch-pits. This means that a
by solvent and skin grease; sample 2 was contaminated by whole layer over these grains " as pulled out during etching, " hich
solvent; sample 3 was cleaned by the improved procedure. indicates that the bonding bet een graims Aas A eakened during

fatigue test. In addition, some cracks around grain boundaries are
clearly visible, but no large cracks, wkere obsere, d either on the
surfaces or on the cross section of the ftaieued sample.

Fig.8 is an optical micrograph A hich A a,, taken from a fatigued
sample after the electrode being carefully removed. Manly regions in

Table 4.1 Comparison of the remnant polarization (Pr) and the the original transparent sample become opaque, \, hich indicates that
coercive field (Ec) for a PLZT 7/68/32 sample the nonuniform damage in the fatigued sample. This non-uniform

under different treatments damage is due to the partial failure of the electrode caused by the
trapped contaminates.

Pr (pc/cm2) Ec (kv/cm) SUMMARY AND CONCLUSIONS
Before fatigue 27.0 5.0 A systematic study has been carried out on the influence of
After fatigue 6.0 6.8 surface conditions on the fatigue behavior of hot pressed PLZT

After 3000C heating 19.2 10.4 7/68/32 ceramics with an average grain size of 5pin. It is found that

the observed fatigue which occurred \,% ithin 1)5 sw itching cycles is
actually caused by surface contamination. These surface contaminates

After removal of 30i.im 22.5 7.2 cause deterioration of the contact bet\,teen the ferroelectric ceramic and
the electrode, resulting an inhognoctMeouS field distribution in the
specimen. Microcrackings are generated at the grain boundaries due to
high electric field concentration. As a result, the applied field then will
be concentrated across those cracks parallel to the electrotdAe, which
effectively raise the coercive field and lIker the poirization. The

achieved and Ec became even larger. The sample then experienced conventional cleaning method is prov.ed to be inappropriate for
further heat treatment at 600 oC for 1 hour, further improvements specimens used under high AC field. This ',surface contamination
were observed as shown in Table 1. However, the Pr and Ec still initiated fatigue can be eliminated though an improved surface
could not recover to their initial values, which means that part of the cleaning procedure. Our results show that the ferroelectric properties
damage in the fatigued sample is permanent. In order to investigate of PLZT 7/68/32, such as the polarization and the coercive field, can
the depth of the damage from surface initiated fatigue, the sample was be preserved for more than 108 switching cycles if the surface
then ground off a 15 aim thick layer from each surface and re- contaminates are removed.
electroded. The measured results (table 1) show no further Contrary to some reported results 14 11 )l. We found that part of
improvement, which indicates that the damage has propagated to the the fatigue damages are permanent and are throughout the entire
interior of the sample. sample. The fatigued properties i.e., the reduced polarization and the

Previously, fatigue in ferroelectrics was explained as due to the increased coercive field can be partially recovered though heat
stabilization of domain walls [ 11141[10.l Fatigue caused by domain treatment, however, a complete recovery is not possible.
pinning usually can be recovered by heating the samples to It should be pointed out that the results obtained here are
paraelectric phasel4l]t10]. In our experiments, total recovery did not applicable only for small grain ceramics, the fatigue mechanism in
occur even after the fatigued sample has been heated to as high as 600 large grain systems is different It II
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Abstract Experimental Procedure

The compositions of undoped, acceptor, and donor-Ferroelectric polarization fatigue (loss of doped BaTiO 3 ceramics examined in this study are as
polarization with cycling) of donor and acceptor doped follows:

BaTiO 3 ceramics and PZT thin-films has been

investigated. Donor-doped BaTiO 3 ceramics showed BaTiO3 A/B=0.995
significantly improved fatigue characteristics when BaTio.999A3 0,00AO3 0.91mo9e Ali Ti-site
compared with acceptor-doped materials. Enhanced BaTio.98Cao.020 3  2mol:,-, , a in Ti-site
fatigue properties were also observed in donor-doped BaTio.9•Ca0 .0 303  2moV oia in Ti-site
PZT thin-films. The electric field assisted migration of BaTio. 97Nbo.030 3  3molti ol Nb in Ti-site
charged species within ferroelectric materials may be
responsible for the degradation/fatigue behavior. The specimens were prepared using a liquid mix
Results confirm the expectation that oxygen vacancies method (141. This technique has been shown to make
play an important role in degradation/fatigue under the homogeneous specimens with highly accurate atomic
electric switching. ratios. The powders were pressed into pellets and

sintered at 14000C for 2hrs in air. The pellets were
ground and polished to a thickness of 150-250lim. The

Introduction finished surfaces were ultrasonically cleaned and heated
on a hot plate for 10min at 200*C. Gold electrodes

Many applications of both ferroelectric thin-films were evaporated onto the surfaces under high vacuum:
and bulk ceramics utilize polarization switching in their and to improve the electrical contact, a room
operations. Some of these include ferroelectric temperature drying Ag paste was also applied on the
memory devices 11-31, electro-optical devices [41, and top of the Au electrode.
actuators 15]. A major problem for commercial
applications is the long term stability of these devices. Ferroelectric thin-films of Pb(Zro.sTio.5)03 (PZT)
During fatiguing, the polarization decreases with and Pb(Zro.5Tio.5 )o.95Nbo. 050 3 (PNZT) with 5mol%
increasing switching cycles. There are several excess Pb were prepared by a sol-gel method 1151. Pb,
possibilities for fatigue in thin-films and bulk Zr, Ti, and Nb precursors were prepared separately by
materials, and a number of papers have been published distillation of Pb acetate, Zr n-propoxide. Ti iso-
in the past thirty years to study this problem [6-13]. The propoxide and Nb ethoxide in 2-methoxyethanol. The
high field required for rapid switching is adequate to stock solutions were prepared by combining the
cause ionic migration in ferroelectric materials, precursors in the required stoichiometric ratio and
particularly in thin-films due to the extremely high distilling them at 124'C. The stock solutions were
applied field (>105V/cm). Thus, it is important to hydrolyzed using 2-methoxyethanol solution containing
investigate the interrelations between the charged water and HNO 3, and then spin-cast three layers on
species and the fatigue properties to further understand PtfTi/Si0 2/Si(100) substrates. The films were dried at
the degradation mechanism. Due to the lack of defect 150"C on a hot plate between each layer, then annealed
chemistry information and the difficulty in controling at 300°C, and finally crystallized at 650'C for lhr in
the chemical composition in Pb-based systems, BaTiO 3  flowing 02.
was used as a standard material to study the fatigue
behavior (the defect structure and transport properties Micros~ructure examinations and crystalline phase
are well understood in BaTiO3 ). For comparison of identification of the thin-films were conducted by
the results, fatigue properties of undoped and donor- Scanning Electron Microscopy (SEM), Transmission
doped PZT thin-films were also conducted in this Electron Microscopy (TEM), and X-Ray Diffraction
study. (XRD), respectively.
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lop electrode,, (3(11111 dliameter oi IOO I0xl())plnl) doped and undloped samples. All the sample,, are cxcled
were evaporated onl the filmi ,urfaces through a shadow uiguioa tesa 0Vc.1ifrn aeil
mask. P-F hysteresis measurement,, were conducted shwaigicntdfeneinhefiu bho.

Ln oiidS~vr oe ici nbt Pure llaTiO3 (A/B=0.995. naturall\ acceptor doped)
B~aTiO3 ceramics and PVI thin-filnis. The polarization shwaCotnusdceeofrmintplizin
degradlation study was condIucted b\ cycling the sosacniuu eraeo einn oalail

sp~clensLit20- 0KVciii 100SOOI/. 'L'r Bai03 through the entire cycling range, but thle total decgree ol
speimnsat 0-OK/cr. t~)-XOIz or a~O3  degradat Ion is relatively' lko\, (up to 3xIXO 0~cycles

ceramics and i-Il0V (21 5-430KV/cni. 50K-200KHz compared with all accept .or doped materials,. For ICa-

polarzthion-fl s folo e I) 00fsuin i iaen doped lBaTiOi (BaTio 9 8sCao.02 01. heavily acceptor
polriaton~i i00z.doped), the remanent polarization faills Off

catastrophically after 2x10 6 cycles, which diemionst rates
Results and D~iscussion a strong degradation beh'avior due to the high

concentration of oxygen vacancies. [he degradation
(1l Bulk BaTi03 Ceramics behavior of 0. 1 mol~i Al-doped 'BaTi0,

InI the acceptor doped BaliOýý, acceptor ions (BaTio0 99AI)0 01 0O3 . slightly acceptor doped), falls i
represent a negative charge, and the charge ~ we noe n evl adpdsmls h
compensation is achieved by oxvgen vacancies 114,161. doo-oe ape0ih 3o ~ N

For xamle:(BaTiO. 9 7 Nbo.0 3O3. heavily donor-doped), shows a

2B3aO + Al2O >0 2l3all, + 2AlI*,' + 500 + V0' striking improvement in stability, with almost no
_____degradation out to 109 cycles. This result clearly

BaO Ca > Bnd Car" +
2 0 o V0 demonstrates that oxygen vacancies play- ant important

Under high fields, these defects or defect complexes rl ndgaain

can migrate during the switching cycles. Oxygen
vacancies are the most mobile ionic defects in the Ca-dloped Nb-doped
perovskite structure, so it is expected that acceptor
doping will increase the degradation during the M. 2231M

electrical switching. PfLZm 1o'VM .

EQ.&7KVM N.931

In donor doped materials, donor charges are
compensated by' electron or cation vacancies 1171 (in Pb-
based perovskite. they' are compensated by cation
vacancies only) dependitng onl thle (loping levels. For
example:

.<a +N0.5ni3ol,+ Mj ' 6( +/0, e Fig.lI Hysteresis loops of Ca-doped BaTi03 before
(<0.nioK(' )and after 108 and 5x108 switching cycles.

5B3aO + 2Nb205 -> 513ait,, + 4Nb'1 i' + VTi"" + 1500 1.1

For ionic compensa tion. the concentration of oxygen :a0.90 ',A
vacancies is strongly' reduced, and it is expected that Ek0
donor-doped materials ý ill hav'e a high stability FN.

throughl tile switching, cycles. E07

The acceptor and donor-doped BaTiO3 show Z

typical "hard" and "soft" ferroelectric behavior as 0. E- -Und~oped (A/B=.995)

observed in PZT ceramics. Fi-.l shows the hysteresis 0.50 -- 0.1 % Al-doped

loops of Ca-doped and Nh-doped lBa1iO; before and -0--2% Ca-doped

after 10N and 5x1 08 sw.itcliing cycles at 30KV/cm -- %N-oe

electric field. Ca-doped samlple'shows a clear fatigue 0.30
characteristic. Tihe remanent polarization drops to 100 102 104 106 108 1010

3517,, of its original value after 108X switching cycles. Number of Cycles
But Nb-doped specimen shows an excellent fatiguing
resistance up to) 5xl0S switching cycles. The Fig.2 Normalized remanent polarization of BaTiOi;
normalized remianent poiari;.ation as a function of as a function of the number of switching
switching cycles is showni in Fig.? for a variety of cycles. switching field 30KV/cm.
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It is not clear why undoped BaTiO3 (A/B=0.995)
shows an early stage of degradation (see Figure 2). PZT
There are two possibilities for this early stage fatigue:
(1)Undoped BaTiO3 contains a large grain structure Pt

and defect migration may be easier in this material. & V A"
(2)The large amount of porosity within the materials
could cause a nonuniform distribution of the electric
field, so that the tocal areas may degrade in the early
stages.

(2) PZT Thin-Films
Fig.3 shows the XRD patterns of sol-gel derived

PZT and PNZT thin-films, which were annealed at
650'C for I hr. Near-pure perovskite phase was
obtained in both films. SEM micrographs of both cross B,
section and plane views of PZT th;n-films are shown in
Fig.4 (a, b). A uniform thickness of -2300A was
obtained from O.4M stock solution by three coating
layers. The grain size is approximately 0.1lro. A
small amount of pyrochlore phase was identified by
TEM techniques in both PZT and PNZT thin-fi! ns (see
Fig.5 (a,b)). This second phase is in the form of
crystallized agglomerates with a particle size of IOOA.
The Nb-doped film contains a larger amount of 4

pyrochlore than undoped PZT, which indicates that
pyrochlore formation is easier in Nb-doped material. A.

p0r.5O150 , ,- Fig.4 SEM images of (a) cross section and (b) pV a ne

1,,621 iview of PZT thin-films.

1.28,
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Fig.5 TEM micrographs of (a) PZT and (b) PNZT
Fig.3 X-ray diffraction patterns of PZT and PNZT thin-films annealed at 650'C/Ilhr. The

thin-films. pyrochlore phase is indicated by the arrows.
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Fig. 6 shows the ferroelectric hvyteresis loops of 1.2

PZT thin-films before and after switching cycles
(bipolar stress, applied voltage 10V, -430KV/cm). 1.
After 3xl010 cycles, the field induced remanent
polarization dropped from l3p.C/cm 2 to 4.6liC/cm 2. :"4) PZT ql PNZT
Fig.7 shows the remanent polarization and coercive - 0.60
field as a function of the number of switching cycles. c

E
Under such high fields, polarization starts to degrade 0
after 5x10 7 cycles. With increasing switching cycles, Z 0.60 T,

the remanent polarization decreases continuously. It a.
was also observed that the capacitance of the film
decayed concurrently with the polarization Bipolar Stress 0430KVcm)
degradation. The normalized remanent polarization of Cycled at 50-200KHz

both PZT and PNZT thin-films is plotted in Fig.8 as a 0.20

function of switching cycles. Nb-doped PZT films oo 1 0' 10 o° 1o'

show a clear improvement in fatigue properties Number of Cycles
compared with undoped PZT (improved by an order of Fig.8 Normalized remanent polarization of undoped
magnitude). However, the enhanced fatigue properties and Nb-doped PZT thin-films as a function ot
in donor-doped PZT films are much less than in bulk switching cycles
BaTiO 3 ceramics.

A possible cause of this phenomenon is the lack of PbPb + O0 - > PbO + Vpb" + Vo-
accurate chemistry control in P5-based systems.
During high temperature annealing, lead-loss can result Lead and oxygen vacancies can combine to Corm defect
in the formation of lead and oxygen vacancies, complexes (Vpb"-VO) at low temperatures. These

defects or defect complexes (especially the unassociated
PZT 650"C/lhr oxygen vacancies) can migrate or contribute to charge

Cycled atl0V N.1 motion under high field which causes increased
(430KV/cm) Prul3gCicm

2  degradation.
_EC130KV/cm I

N.3X10'* Another reason why donor doping is not as
Pr.4.BMC/c• 2 ! effective in PZT films as it is in bulk BaTiO 3 is due to
Ec.l 38KV/cm

the formation of a second pha,,c. A small amount of
pyrochlore phase was observed in these films by TEM
techniques. particularly in PNZT thin-films. The
formation of pyrochlore phase may alter the
stoichiometric ratio of the original composition. Nb is
likely to segregate within the pyrochlore phase, since
lead niobate prefers to form pyrochlore structure
instead of perovskite structure. If some of the Nb is
not incorporated into the perovskite structure, less of aFig.6 Hysteresis loops of PZT thin-filmrs before and doping effect is expected.

after 3xl'01switching cycles.

14 •oo - i° these experiments clearly demonstrate that the
defect species play an important role in polarization

12 160 degradation for both bulk BaTiO 3 ceramics and PZT

4 1thin-films. The possible mechanism of polarization
1fatigue is the electric field induced migration of charge

X species, especially the oxygen vacancies. One possibility

=Ec 120 is that the gradual motion of charge species will cause a

6 redistribution of these defects and result in a non-
uniform distribution of applied field. This may cause

4 100 local dielectric breakdown or incomplete switching.
yBipolar Stress 430KVcm) Another possibility is that the charged species can

2 c. d. .5 00 interact with domain walls or spontaneous
1 100 10' tO 10' 10o° polarizations. When domains form through the

Number of Cycles paraelectric-ferroelectric transition, they try to align to

Fig.7 Remanent polarization and coecive field of minimize the free energy of the system. Under the
PZT thin-films as a function of switching high field, the migration or redistribution of charged
cycles, species occurs. The possible segregation of charged
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species and the interaction between the defects and [101 K. Cal, "'Ferroelectnc Properties and Fatiguing Effect
domain walls or spontaneous poiarization can establish of Modified PbTiO3 Ceramics," Ferroelectrics 9, 23
a new equilibrium state assisted by the cycling field. (1975).
Due to this pinning effect. domain or polarization 111 W. R. Salaneck, "Some Fatigie Effects in 8/65/35
switching becomes difficult. In-situ TENi observation PLZT Fine Grained Ferroelectric Ceramics."
of ferroelectric domain svvitching is in progress. and Ferroelectrics, 4, 97 (1972).
we believe that the detailed stud, of polarization [121C. F. Pulvari and J. R. Sprouri, "A Nev, GradedElectrode for Forming Intimate Contact withreversal and the domain pinning effects would be very Ferroelectrics," IEEE Trans. on Election Devices, ýol.ED-
useful to further understand the fatigue mechanism i 16. 532 (1969).
ferroelectric materials. 113) D. B. Fraser and J. R. Maldonado. 'Improxed Aging

and Switching of Lead Zirconate Titanate Ceramics with
Summary Indium Electrode," J. Appl. Phys.. 41, 2172 (1970).

1141 N. H. Chan, R. K. Sharma, aid D. M. Smyth,Donor-doped BaTiO. ceramics, show a significant "Nonstoichiometry in SrTiO 3," J. Electrochem. Soc.. 128,
improvement in polarization fatigue compared with 1762 (1981), "Nonstoichiometry in Acceptor-Doped
undoped and acceptor-doped materials. The improved BaTiO;,'" J. Am. Ceram. Soc., 6513], 167 (1982).
fatigue behavior is also observed in Nb-doped PZT [151 K. D. Budd, S. K. Dey, and D. A. Payne, "Sol-Gel
thin-films, but the magnitude is smaller than in bulk Processing of PbTiO 3, PbZrOi, PZT and PLZT Thin
BaTiO 3 , Results confirm the expectation that oxygen Films," Brit. Ceram. Proc., vol.36, 107 (1985). K. D.
vacancies play an important role in polarization Budd, Ph.D. Thesis, University of Illinois at Urbana-
degradation. The possible causes of degradation are Champaign, 1986.
the electric field induced defect migration (particularly 1161 Y. H. Han. J. B. Appleby, and D. M. Smyth. "Calciumthe oxygen vacancies) and the interactions between as an Acceptor Impurity in BaTiOi," J. Am. Ceram. Soc..charged species and domain walls or spontaneous 70121,96 (1987).pohargedzspecies and dom ainv wl lontr sptab eous [171 H. M. Chan, M. P. Harmer, and D. M. Smyth,polarization. To improve the long term stability of "Compensating Defects in Highly Donor-Doped BaTiO3,"
ferroelectric thin-films, it is required to carefully J. Am. Ceram. Soc., 6916], 507 (1986).
consider the processing conditions, the defect chemistry
and the doping effects.
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POLARIZATION SWITCHING AND LONG-TIME RElAXATION HYFECYS INDUCED BY OEE-CENTER IONS IN KTa lNbxO 3

L.A. Knauss, C. Jaquays, P. Adhikari, B.E. Vugmeister and J. Toulouse
Physics Department, Lehigh University, Bethlehem, PA 18U15

Abstract KTN 3%

3.x10-l6 '. . . .

A most striking anomaly is observed in the ____.......

behavior of KTN. It is the ,pp.,-:iance of a remnant ,
polarization well above T . We have measured hystere- 2000Hz 69,8K

c 10 Hz 69.8K
sis loops at different frequencies in a 3% KTN crystal 5. I5.10
The shape of the loop changes significantly with E
frequency, a behavior that is due to the slow relaxa- Y

tion of randomly distributed off-center Nb ions inter- c
acting in clusters. We have developed a model of this m 0
relaxation and can calculate the hysteresis loops which N
are in good agreement with experiment.

1.5x10 6

Introduction

The appearance of a spontaneous or remnant polar-
ization usually marks the onset of ferroelectricity. _3.0x106 ..................
It is in fact the very existence of a switchable polar- -2500 -1500 -500 0 500 1500 2500
ization that is used to define ferroelectricity.
Recently it has been shown that mixed ferroelectrics Applied Electric Field (V/cm)
can present very anomalous features such as a remnant

polarization above the transition temperature, T Cc

This result comes from the observation of hysteresis Fig. I. Experimental hysteresis loops measured at
loops in KTa xNbxO 3 (KTN) above T . max

2 T=h9.8K, on KTN 3% Nb (Tc =64K)

In KTN, the Nb ions have been shown, by EXAFS,2 to

reside in one of eight (111) off-center positions. At In a previous publication, 3we haveclearly
high temperature, they can presumably jump between shown that polar microregions, 20 to 100 A in size,
their 8 equivalent positions. The appearance of a form significantly above T . The formation of these
polarization must then correspond to the preferential c
occupation of 4 of these 8 positions. Above the tran- regions, or clusters, is due to the strong interaction
sition, this can only come about because of the exis- that exists between closely spaced dipoles, mediated
tence of metastable states, as it is the case near a by the highly polarizable lattice. The frequency
first-order transition. In KTN, however, a remnant dependence of the shape of the loop suggests, as T is
polarization has been observed as far as 25K above the approached from above, a slowing down of the relaxation
transition, revealing strongly enhanced slow relaxation of nearby dipoles forming a cluster, dye to the
effects. In the present article, we have investigated
these effects by studying the frequency dependence of presence of other clusters.
the hysteresis loops and of the remnant polarization.
We have also developed a theory which shows this polar- Theoretical Model
ization to be related to the slow relaxation of random-
ly distributed off-center ions interacting in clusters. We have considered here the smallest possible

cluster, i.e. a pair of dipoles. The interaction
between pairs is treated in the framework of a random

Experimental Results molecular field theory developed earlier by one of
4

us. Such an approach is a generalization of the well-The polarization measurements have been made using known Bethe-Peierls cluster theory to systems with

a modified version of the Sawyer-Tower circuit. In

particular, a variable resistor (50-1OOkQ) was added configurational disorder.

in parallel with the reference capacitor (5pF) in order In order to simplify the approach we consider
to avoid the building of excess charge on the reference In order o implify the ap poa e consdapctrdue to conduction in the sample. Acquisition an Ising system or one in which the dipoles can only
capacitor have two orientations. The Hamiltonian of a pair of
of hysteresis loops was done using a LeCroy digital dipoles can then be written in the form:
oscilloscope from which the data was transferred to the
computer. The maximum field applied 4as 2kV/cm. The H K Z K (12
measurements reported below were obtained on a 3% Nb 12 1£2
sample with dimensions I x 0.7 x 0.08 cm, coated with where K12 E K(rl 2 ) is the interaction energy between
evaporated A. electrodes.

the two dipoles separated by a distance r 12 and

Two hysteresis loops are presented in Fig. 1. The ta

narrow one was obtained at lOHz and the wider one at •i = / is the unit vector along the direction of
2 kHz, both at T = 69.8K, i.e. clearly above the tran-
sition at Tc = 64K. Besides the decrease in the loop the dipcle on site i, d being the effective dipole

size or remnant polarization, we also note an increase moment in the highly polarizable lattice. The energy

in the maximum polarization with decreasing frequency, levels of a pair are presented in Fig. 2 below.

These two characteristic features are indeed predicted
by the theory below and can also be given a rather
simple physical explanation.
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Ic>__Id __ with Llz(t) = JdUO(U)fdE fiE. +E(t) L(t)]<X.>2 q
U = K12 - t- - -1 int int 12 Ez int , U

I 2 a,>- I b>_ 
(8)

Fig. 2. Energy levels of a dipole pair (cluster) and f(E int), the distribution function of internal
Ia> = I++>, lb> = 1-->, jc> = 1+->, Id> = 1_+> molecular fields,

Q(t) = fdU•(U)exp(-2W te-U/T) (9)

If we assume that the Ilamiltonian describing the dipole 0

lattice interaction can be written as a sum of one- 4) n2 e 3
particle Hamiltonians, then, the relaxation or flip of D(U) = fdr6[U-2K12 (r)Iexp(- T nr (10)

two dipoles (clusters) cannot be the result of a single
process; it must involve successive flips of each Eq. (7) is the self-consistent integral equation
dipole as shown by the arrows in Fig. 2. The transi- for the polarization induced by an external field E(t).
tion probabilities, W, for the relaxation of a cluster As can be seen, the solution of this equation depends
of two dipoles can then be written: on the magnitude as well as on the frequency of the

-U/T external field, and on temperature. We have solved
W a . . .W =W =W e Eq. (7) numerically above the transition temperatureac ad bc bd 0 (2) and have also found that the numerical results can be

Wca = Wda =Wcb = Wdb - W approximated reasonably well by a 3-parameter function:

The relaxation law for the average dipole moment of a L(t) = A tanh [ a cos Wt + b sin wtt (11)

pair can then be obtained from the kinetic balance
equations for the population, P, of the energy levels: in which the parameters A, a and b depend on Eo, w/Wo,

MF MFT and the ratio T /T where T is the transition
c c c

temperature predicted by mean field theory. The volue____a = - 2 W P +W W(Pc +P P) MF
dt aca ca c d of T is of the order of the average value of the(3) c

potential barrier 1U. For that reason, the smaller the
tb = 2 Wac Pb + Wca (P c+ P) ratio T/T , the more pronounced will the freezing

effects be and the larger the hysteresis loop. As can
with P + P + P + P = 1 and P P be seen from Eq. (11), the width of the hysteresis loop

a b c d - c d is proportional to Ab while Aa determines the maximum
From (3), we get: value of the polarization. Calculated hysteresis loops

are shown in Fig. 3 for two different fre uencies in
S<12 >U -2Wo e-Uj/T <12>U the ratio of 1/100. Comparing Figs. 1 and 3, we find

<>= qualitative agreement between the experimental and
dt the theoretical results. For the lower frequency the

area inside the loop, and the remnant polarization, is
with <a12>U b ( - P smaller than for high frequency. In contrast, the

maximum polarization is greater for the lower
In order to take into account the interaction of a freiuency.

given dipole pair with other dipole pairs and with the frequency.

external field, we make the commonly used assumption
that the average value of the dipole moment approaches
its quasiequilibrium value for a given internal E.int 4

and external E field. The relaxation of Z12 can then I

be described by:

d <i. - - -2 W < e*U/ ' > > eq2

t <12"EnU WeU/T - 12E ,U -12 F. +E,U1 I w=,o
dt itit' int

(5) 0

where <Z2> r 1 2 exp[- 2 >12 + 2E int12)] (6)
int' I + 2E n )] -2

Tr exp [- T 1212

We nou need to average Eq. (5) over the internal field
distribution and over the distribution of potential .4

-.050 -,025 0 .025 050

barriers U. To do so, we rewrite it in the integral
form and consider only the steady state regime in the Eo,
oscillating external field, E = E cos wnt. We thus

0

obtain an equation for the average dipole moment L(t)
(or equivalently for the field induced polarization,

P = nd*])4: Fig. .3. Calculated hysteresis loops, plot of L P/nd
vs E /T for two frequencies normalized byo c

L(t) fo dt'3Q(t') ,12(t-t') (7) the spontaneous transition rate, Wo
0tt117
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These two teatuiu can in fact be understood
rather intuitively. At a lower frequency, w, of the
external field, the dipole system has more time to
respond and, for a given distribution function of the
relaxation times, a greater fraction of the dipole
pairs are able to contribute to the maximum polariza-
tion. Conversely, upon removing the field, more of
them have time to relax to their random state giving
a smaller remnant polarization. One slight discrepancy
can be noticed between the calculated and experimental
hysteresis loops. The latter do not approach a zero
slope at high field. This is due to the existence of
an intrinsic dielectric constant, different from 1,
in the high polarization state. Such a dielectric
contribution was not included in the calculated loops
which only contain the dipole contribution.

Conclusion

The present polarization results show that, in
KTN, the strong interaction that exists between pairs
or clusters of closely spaced dipoles is responsible
for long time relaxation effects. These effects
include the observation of hysteresis loops or a
remnant polarization above T and, as we shall show
in a forthcoming publication, dielectric dispersion.
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SPONTANEOUS POLARIZATION IN THE DEUTERATED AND UNDEUTERATED
PROTON GLASS Rb,..(NH 4),H2 AsO 4

Nicholas J. Pinto and V. Hugo Schmidt
Department of Physics, Montana State University, Bozeman, Montana 59717

Spontaneous polarization of mixed single crystals of previous results' 4 on spontaneous polarization of RADA and
Rubidium Ammonium Dihydrogen Arsenate (RADA) and its its deuterated counterpart and compare them to RDA and
deuterated counterpart (DRADA) are presented together with DRDA. Spontaneous polarization has also been calculated
the pure ferroelectric Rubidium Dihydrogen Arsenate (RDA) from the dielectric measurements along the a axis of mixed
and its deuterated counterpart (DRDA). There is a sharp rise crystals and compared to that obtained from saturated
in the spontaneous polarization at the ferroelectric transition hysteresis loops.
temperature Tc for the pure crystals as this transition is first Mixed crystals were obtained by slow evaporation of

order. The change in the spontaneous polarization in the mixed aqueous solutions of RbHAsO, (RDA) and (NH 4 )H2AsO4

(x=0.08) crystals below T, is gradual however, indicating the (ADA) mixed in the proper molar ratios. The deuterated

presence of acid hydrogens and ammonium cations that are still crystals were grown under an atmosphere of argon to maintain

mobile and in the paraelectric phase. These mixed crystals a high percentage of deuteration. The ferroelectric transition

show coexistence of paraelectric/proton glass and ferroelectric temperature T, depends on the percent of deuteration in the

order below the glass "transition" temperature Tg. The crystal. The x values in the mixed crystals are determined from

maximum values of the spontaneous polarization in the our measured T,'s with the aid of phase diagrams published for

deuterated samples are greater than in the undeuterated deuterated -5 and undeuterated" RADA. Small platelets
samples. Also, the maximum value of the spontaneous perpendicular to the c tetragonal axis were cut from single
polarization in the mixed crystals below Tc at the lowest crystals. Silver electrodes were evaporated in vacuum after

temperatures reported is found to be slightly lower than the polishing the surfaces to ensure that the faces were parallel.
corresponding valepr in tpurte ryslhtals. oPolarization measurements were obtained from saturated
corresponding value in the pure crystals. dielectric hysteresis loops using the Sawyer-Tower circuit with

Proton glass behavior was discovered by Courtens' in a 60 Hz voltage source.

1982 in a mixture of RbHHP0 4 (RDP) and (NH 4)H 2 PO4  5 r'............... '.......

(ADP). Here RDP is a pure ferroelectric and ADP is a pure
antiferroelectric. In a mixture of the form (RDP),,(ADP)•.

4.

(RADP), for a certain range of x values, proton glass behavior ." ... °,°o..o..o..........

appears below the "freezing" temperature Tg due to frustration ...."

between ferroelectric and antiferroelectric ordering. In this
range the system makes a smooth transition to the glass regime
from the paraelectric regime as temperature is reduced below 2

the glass "transition" temperature. If a spontaneous polarization , 0~

were present in these mixed crystals it could be measured by ' "

conventional means like a Sawyer-Tower 2 circuit, and its value 0*

would depend on the amount of ferroelectric material present. 60 70 80 90 100 110 120

For pure proton glasses the equilibrium spontaneous T (K)
polarization is zero. In such crystals a quasi-equilibrium

polarization can be generated by field-cooling' 4 the sample Figure 1 Spontaneous polarization obtained from saturated

down into the nonergodic region. hysteresis loops in RDA (x=0; *) and RADA (x=0.08: L) as a

The crystal structure of these mixed systems is of the function of temperature. The open diamond symbol represents

KHPO4 (KDP) type. A variety of mixed systems of the KDP spontaneous polarization obtained from Eq. (3) and Fig. 3 for
RADA x=0.08.

type can be prepared by substituting Rb for K and As for P. In
addition, these systems can be deuterated by growing the Figure 1 shows the spontaneous polarization of the
crystals from deuterated materials. In this work we have undeuterated RADA sample. The ferroelectric transition for
substituted As for P, thereby obtaining Rb1 x(NH 4 )xH2AsO4  x=0 is first order9' 7 and the transition temperature T, is found

(RADA) mixed crystals. While the spontaneous polarization in to be 110 K. This is evidenced by the sharp rise in spontaneous

pure ferroelectrics of the KDP type has been studied,-5 9 few polarization at T,. The spontaneous polarization reaches a

experiments'"°2 have been performed on spontaneous value of (3.6±0.5) ,4Ccm-2 at temperatures far below T,. The

polarization in mixed crystals. Dielectric measurements" in large error bars in the spontaneous polarization results from
mixed RADA crystals for 0.04<x<0.10 show coexistence of the uncertainty in computing the surface area of the sample
paraelectric/proton glass and ferroelectric order below the due to its small size. Within the limits of our experimental
ferroelectric transition temperature. In this paper we extend

(C 113080-0-7903-0465-9/92$3.(X) ©IEEE 119



Table 1: Tabulated values of B and y defined in Eq. (1) for RDA and DRDA together with fitting
parameters defined in the text.

Ref. Sample C(K) To(K) AP,, B Y
AC.C•m4 cgs- cgs

8 RDA -- 108.5 3.7 -20x 10 1  12x I 09

9 RDA 3100 108.5 3.6 -6.9x 10j' 4.4x 10 19

This work RDA 22tX) 104 3.0 16.7x 10' 15.4xl0]'8

This work DRDA 351M) 156 4.5 -9.4x 110 3.8x 10 "'

error this value agrees with that reported by Kamysheva et al.9  
IUCcm-2 is the jump in the spontaneous polarization at T,. It

who have obtained a maximum value of (4.2±0.2) ACcm 2 from must be pointed out that Eq. 1 truncated at the P' term cannot
specific heat measurements. be d to fit h a big P fAPP(0 K)] very well. Table

From the expression of the free energy (G) as a expecte suc
function of polarization (P): 1 shows the corresponding values obtained from saturated

G(PT) = G0(") + P2 + Yp6 ( hysteresis loops8 and from specific heat measurements9 . The
2 4 6 difference in our values arises from the low T0 and C values

obtained from fitting Eq. 2 to Fig. 2.
The spontaneous polarization for x=0.08 RADA is also

600 T,.. .... .... T I T,, T " shown in Fig. 1, and can be compared to that for the pure
500 AD RDA, ferroelectric. The spontaneous polarization rises gradually in

500 ^ this case due to the presence of the ammonium cation centers,

many of which are still in the paraelectric phase for some
I temperature range below T,. However, at temperatures below

.2•aoo. A55 K the applied electric field needed to obtain saturated
hysteresis loops exceeds the dielectric breakdown field of the

200, sample, hence saturation polarization could not be computed
below this temperature. The value of the spontaneous

100 1 polarization measured at the lowest temperature reported is

(3.0±0.5) UCcm-
2 . We note that this value of the saturation

0 50 10o 150 200 250 300 polarization is less than that for the pure sample. We also
T (K) performed dielectric measurements along the a axis for the

same mixed crystal to verify the variation in spontaneous
Figure 2: Real part of the dielectric permittivity c,' at I polarization obtained from hysteresis loops as a function of

kHz as a function of temperature along the c axis, (o) for RDA temperature below Tc. The glass transition is not seen in this

and (&) for DRDA. Solid line represents a fit to the Curie- sample at the temperatures covered in this experiment but is

Weiss law of Eq. (2). seen at lower temperatures.' 3 The spontaneous polarization in
this case can be obtained from:

where a = a0 (T-To) = 47T(T-To)/C, C is the Curie-Weiss

constant and T, is the Curie-Weiss temperature, we have Pd = 6 (3)
calculated the thermodynamic coefficients B and y for the pure 6 + C
crystals. In Fig. 2 we show the dielectric constant as a function where Pd is the spontaneous polarization obtained from the
of temperature measured along the c axis at I kHz and very
low applied electric field (10 V/cm) for the pure cr)stals. The dielectric data, Po is the maximum spontaneous polarization of
solid line is a fit to the Curie-Weiss law: the pure crystal well below T, and c, ' and C2' are defined in

CC-e,_=C/(T-To) (2) Fig. 3. Here £2' represents the contribution to the dielectric

This fit gives a value of C=2200±20 K and T,= 104 K for constant from the paraelectric portion of the x=0.08 sample

RDA; we have assumed a value of 10 for the "infinite and (C ' + 62') would represent the contribution to the

frequency" dielectric response c,. Using this value for C we dielectric constant from the same sample in the absence of the

calculate B=-16.7x10-'0 c.g.s. and y=15.410-18 c.g.s. from the ferroelectric phase transition. Dielectric data for RADA x=0.4
has been included to help extrapolate qualitatively the Curie-

expression (,PJ2=-313/4y and (AP) 2==-403/B where AP,=3.0 Weiss behavior in the x=0.08 crystal to temperatures below T,.
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20 0 -1• 7-------- - spontaneous polarization in the x=0.08 sample is gradual as in

- .008 the case of the undeuterated sample and approaches a value
0., of (4.2±0.2) ACcm-2 at the lowest temperatures measured. From150

Fig. 2, the Curie-Weiss fit for DRDA yields C=3500±50 K and
Lr To= 156 K. T, for DRDA is found to be 168 K. This increase

100 t0- " of about 1000 K for the Curie-Weiss constant in the deuterated
sample is consistent with that observed in KDP0 and RDP7

upon deuteration. Using this value for C we obtain for DRDA,

. .=-9.4x10'° c.g.s. and y=3.8xI0i' c.g.s. where we have used

0 .. AP,=4.5 ACcm 2 as the jump in the spontaneous polarization at
0 (K) T,. These values are tabulated in Table 1. We have calculated

Figure 3: Real part of the dielectric permittivity c.' for the Pd for the deuterated case from Fig. 5 and Eq. 3 by a method

analogous to that used to calculate the spontaneous
undeuterated mixed crystals at I kHz as a function of polarization from the dielectric data in the undeuterated

temperature along the a axis. e_, is assumed to be 10. crystals. From Fig. 4 we have used P,,=(4.7 uCcm-. In Fig. 5
In Fig. I we show the variation in P, as a function of the glass transition for the x=0.08 crystal is seen around 43 K
temperature below Th and compare it to that obtained for the where the dielectric constant begins dropping faster with
same sample from saturated hysteresis loops. The agreement decreasing temperature. Here too, dielectric data for x=0.28
is good within the limits of experimental error. Here we have have been included to help extrapolate the Curie-Weiss
isegood within6 te l omt oFe rim l er behavior of the x=0.08 crystal below T,. The result is plotted

In the case of mixed RADP samples, however, the in Fig. 4 and can be compared to that obtained for the same

spontaneous polarization is found to approach the value of the sample from saturated hysteresis loops.

pure ferroelectric RDP1' at low temperatures. It must be 250
pointed out that coexistence of ferroelectric/proton g' iss phase
has not been reported in RADP mixed crystals below the 200

ferroelectric transition temperature.

150.

4 ~~ 100,~

S* ;.0 .0

50

0 50 100 150 200
- -0 •""T ( K )

C-. .. ,...

1 ~ Figure 5: Real part of the dielectric permittivity c.' for the
Sdeuterated mixed crystals at 1 kHz as a function of

00

. - . , 1 ...... L_ .... temperature along the a axis. e.' is assumed to be 10.
80 10O0 320 140 160 180

T (K)
In Fig. 4 we notice a drop in the spontaneous

Figure 4: Spontaneous polarization obtained from saturated polarization for the pure sample below 153 K. This effect was
hysteresis loops in DRDA (x=0; *) and DRADA (x=0.08; A) seen in two separate samples. Below 120 K the hysteresis loops
as a function of temperature. The open diamond symbol could not be saturated because the necessary electric field
represents spontaneous polarization obtained from Eq. (3) and would exceed the dielectric breakdown field of the crystal.
Fig. 5 for DRADA x=0.08 . However, saturated loops appeared above 12(1 K with

increasing polarization as temperature was increased. This
Fig. 4 shows the spontaneous polarization in the case of effect could indicate pinning of ferroelectric domains due to

the deuterated samples. Here, deuteration effects raise the crystal defects or impurities at lower temperatures, thus giving
transition temperatures and the values of the spontaneous a reduced value of spontaneous polarization. Further
polarization as compared to the undeuterated counterpart. investigation of this effect is planned.

Similar effects of deuteration are seen in the phosphates.5" The The experimental results show that deuteration increases

transition in the pure sample is sharp when compared to the the maximum value of the spontaneous polarization in the pure

mixed sample. The value of the spontaneous polarization below crystals. Also, the maximum value of the spontaneous
polarization in the mixed crystals is lower than that of the pure

T, for the pure sample is (4.7±0.2) g.Ccm- . The variation in the crystal. This indicates that at the lowest temperatures recorded
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there are still paraelectric clusters intimately interlocked with 1131 FL. Howell, N.J. Pinto and V.H. Schmidt Complex

the ferroelectric clusters. This type of coexistence is also seen1 3  Permittivity of the Deuterated and Undeuterated Proton
down to 5 K from dielectric permittivity in these RADA mixed Glass Rb, •(NH 4,)HAsO4," to appear in Phys. Rev. B 46
crystals. The gradual increase in spontaneous polarization (1992).
below T, in the mixed crystals follows the gradual decrease in

the dielectric constant of the corresponding crystals below T, 114] N.J. Pinto, S. Waplak, S.L. Hutton, F.L. Howell and
V.H. Schmidt, "Spontaneous Polarization in the Proton

The authors would like to thank Dr. S. Waplak for his Glass Rb,.,(NH4 ).HAsO4," Bull. Am. Phys. Soc. 37, 287
encouragement in getting this project started and Dr. S.L. (1992).
Hutton for automating the dielectric permittivity apparatus.
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(.1•99u).

References
[16] Z. Trybula, V.H. Schmidt and J.E. Drumheller,

[1] E. Courtens, "Competing structural orderings and "Coexistence of Proton Glass and Ferroelectric order in
transitions to glass in mixed crystals of Rb 1_,(NH 4 ).HZAsO 4," Phys. Rev. B 43, 1287 (1991).
Rb1 •(NH 4)•H2PO4," J. Phys. Lett. 43, L-199 (1982). [17] R. Blinc, M. Burgar and A. Levstik, "On The Order Of

[2] C.B. Sawyer and C.H. Tower, "Rochelle Salt As A The Phase Transition In KDA Type Ferroelectric
Dielectric," Phys. Rev. 35, 269 (1930). Crystals," Solid State Commun. 12, 573 (1973).

(3] A. Levstik, C. Filipid, Z. Kutnjak, 1. Levstik, R. Pirc, B.
Tadit and R. Blinc, "Field-Cooled and Zero-Field-
Cooled Dielectric Susceptibility in Deuteron Glasses,"
Phys. Rev. Lett. 66, 2368 (1991).

[4] N.J. Pinto, K. Ravindran, V.H. Schmidt and S.L.
Hutton, "Field-cooled and Zero-field-cooled Static
Susceptibility of DRADA," Bull. Am. Phys. Soc. 37, 236
(1992).

15] G.A. Samara, "The Effects of Deuteration on the Static
Ferroelectric Properties of KH2 PO 4 (KDP)," Ferro-
electrics 5, 25 (1973).

[6] B.A. Strukov, A. Baddur, V.N. Zinenko, A.V.
Mishchenko and V.A. Koptsik, "Isotopic Effect in
RbH 2PO 4 crystals," Sov. Phys. Solid State 15, 939 (1973).

[7] C.W. Fairall and W. Reese, "Thermodynamic Properties
of KH 2AsO 4 and KD 2 AsO 4," Phys. Rev. B 6, 193 (1972).

[8) I.S. Zheludev, V.V. Gladkii, E.V. Sidnenko and V.K.
Magataev, "Dielectric Nonlinearity and Phase Transition
in KH2P0 4-Type Crystals," Ferroelectrics 8, 567 (1974).

[9] L.N. Kamysheva, Yu.S. Zolototrubov and S.A. Gridnev,
"Dielectric Properties of RbH 2AsO 4," Ferroelectrics 8,
559 (1974).

[10] S.A. Gridnev, L.N. Korotkov, L.A. Shuvalov and R.M.
Fedosyuk, "Dielectric and Polarization Properties of
Single Crystals of Solid Solutions of KDP-ADP in the
vicinity of the Phase Transitions," Sov. Phys. Solid State
36, 522 (1991).

[11] E. Courtens, "Structural Glasses and
RbJ, (NH 4)•H2PO4," Helv. Phys. Acta, 56, 705 (1983).

[12] Y. Ono, T. Hikita and T. Ikeda, "Glassy Dielectric
Behavior in the Mixed Crystal System
KIX.(NH 4)XH2PO 4," Ferroelectrics 79, 327 (1988).

122



INVESTIGATION OF FERROELECTRIC AND PYROELECTRIC PROPERTIES
OF CERAMICS WITH COMPOSITION Ba(Li2xi2_2x)4_4xF4,(O'x:0.

Sui-Yang HUANG, R.VON DER MUHLL, J.RAVEZ and P.HAGENMULLER
Laboratoire de Chimie du Solide du CNRS, Universitý Bordeaux 1, 351 cours

de la Libdration, 33405 Talence Cedex, France.

ABSTRACT The XRD patterns may be indexed with the hexagonal unit cell

Structural, ferroelectric, pyroelectric and dielectric parameters a=10.449(1)A and c=8.793(1)A. The solid solution

relaxation properties of ceramics with composition ceramics were then synthesized by solid state reaction:

Ba(Li 2x AL2-2)4.4xF4x (0x<0.3) have been investigated. XRD (I-x)BaAI 2 0 4 +x(BaF 2 +2LiF) -) Ba(Li2 xAl 2 .2x)O 4 -4xF4 x

patterns show i lattice close to t11: of BaAI2 0 4 . The The starting materials BaF,(Merck 99.0%). LiF(Merck 99.0%) and

parameters increase with rising x up to x =0. 1 and then remain previously prepared BaAl20 4 were ground and then pressed with

constant. The Curie temperature TC decreases regularly from an uniaxial pressure of 39OMPa. The pellets obtained (8mm in

TC-=396K(x=o) down to Tc-=324K(x=0. 1) and then increases diameter and about 2mm thickness) have been sintered in

again with x up to TC=460K(x=0.3). The values of the platinum sealed tubes under oxygen atmosphere at 1613-1773K
for 2h. The XRD patterns of the ceramics showed that solid

spontaneous polarization Ps are in the range 1-22 nC.cm 2 . The solutions appear between x=0 and 0.3.

solid solutions seem to be of weak ferroelectric type with a

maximum of Ps around 200K and low values of cr, the 3.RESULTS AND DISCUSSION

pyroelectric coefficient p and Ps. A dielectric relaxation is 3.1 X-ray diffraction and microstructur
The XRD patterns of the ceramic surface and ground

f ai0 .4 A 1.6 )0 3 .2 .8  ceramic powders were recorded at room temperature by 0.02'

frequency from 102 to 104Hz between 300 and 520K. A model step counting and a time counting of 12 seconds. The solid

accounting for weak ferroelectricity is proposed. solutions crystallize with hexagonal symmetry. The parameters

determined by a least-square method are reported in Fig. 1.

I.INTRODUCTION The variation of a and c for ceramic surface differ from that

Single crystals of composition BaLi2 xAI2 _2 xO4 .4 xF 4x - ceramic ----- powder

(0. l5sx<0.3) have been prepared by Dunne and Stemple and the v
XRD patterns are very close to that of hexagonal BaAI2 04[1]. 832.5.

•" 832.0!
The crystals have been claimed to be ferroelectric with a >

Curie point TC= 400-4 2 6K. Hysteresis loop has been observed for 831.5, ON

a crystal with composition x=0.2 at 300K and the spontaneous .46 .

polarizations Ps for the solid solutions are in the range 80- 10.45

-2
140 nC.cm . However, the experimental error reported on c' 10.44.

was about 100% and that for Ps about 30%. The Curie 8.80 .. - .

temperature TC seems not to be related to the composition. No 8.79

further investigation for the compound has been reported 8.70 8 . 0. 0 0.20 Q2 00

since this first study. 0

The purpose of the present work is to determine the
Theopurpositio i of the pesod wor stion dermained the Fig. I Variation of the lattice parameters a,c and unit cell

composition limits of the solid solution domain and to volume V with x.

investigate the dielectric, pyroelectric and relaxation

properties of the corresponding ceramics. A model for of powders of the bulk. This phenomenon results probably

explaining the ferroelectricity in the materials is suggested. either from stresses developed within the grains or from the

deformation of the grains during sintering, it had been

2.EXPERIMENT previously observed by Ye and al.[2] in ceramics of LiTaO 3-

BaAI 20 4 powder is first prepared by firing in air at type.

1573K for 30h a stoichiometric mixture of BaCO 3 (Merck 99%) For a ground ceramic powder the lattice parameter a

and AI(OH) 3 (Prolabo 99.0%): rises first with substitution rate x up to 0.1, and then
remains constant. The c-parameter increases slowly with rising

2BaCO 3 + 4AI(OH) 3 - 2BaA02 0 4 + 6H20 + 2CO 2  x in the whole homogeneity range. The unit cell volume V
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increases between x=0 and 0.1 and becomes then practically "

constant for x>0.1. The substitution of Li + h(r nlrea v) = o. 59A)

for A13 +(r 3I(IV)= 0.39A) involves a unit cell dilatation for A
OsxsO.l. For x>0.l we can only suppose that the increase of ''

the FfOratio gives atendency to a ordering of F around Li+_ // II

and O around A3 Slight modifications in the structure can
then occur and allow a constant value for cell volume.

The solid solution is isostructural with BaAi2 0 4  .

related to the 0-tridymite[31. The [A10 41 tetrahedra are Fig.3 Temperature dependences of ej and tan6 for
a BaAI 20 4 ceramic.

linked by corners to form layers perpendicular to the c-axis.

The layers are connected to build up a three-dimensional

framework. The asymmetric unit encloses three

crystallographically independent cavities. These cavities are 12 ,/

filled by the large 9-coordinated Ba atoms. We have drawed

BaAI 20 4 lattice by the computer program "STRUPLO 841[41 using 10 /j kit

Horkner's data[3]. Fig.2 shows the projections along (0001) 8

and (1010). After coupled substitution of Li for Al and F for

0, Li atoms occupy the tetrahedral sites and F replaces 0. 6

100J 150 200) 250 300) 350 400) 450 5M3

Er. T(K)

251 75kHz

20 1 %Hz

_ 1) 1 5 0 1 kHz

Ba ~~~10 1 H.ý

S[AIO4] 05

0100 150 200 250 300 350 400 450 5)00

Fig.4 Temperature evolution of ej and e for
a BaLi0 .4A1 1 .603. 2 F0 .8 ceramic.

decreases first with rising x up to 0.1 and then increases.
The spontaneous polarization results from the atomic
displacement Az of the central atom AI(Li) in the tetrehadra

Fig.2 Projection of BaAl 20 4 along (0001) and (1010). along the polar axis from its position in the
paraelectric phase. The substitution of a bigger Li+ cation

3.2.Ferroelectric P.logrties Tc(K)
The capacitance and dielectric losses of pellets 480.

measured using gold electrodes have been recorded between 120 460,

and 800K in a 20-300kHz frequency range . The temperature 440

evolution of the permittivity c; and tans are reported in 420
r 400

Fig.3 for BaAI2 0 4 . A maximum of c; corresponds to a decrease 380

of tans at TC=396K. This value is in good agreement with that 360
340

reported for a single crystal with composition Ba0 .9 8 (Al 0.999 320

Cu0 001)204 5[5]. Fig.4 shows the frequency and temperature 300
2 -,' 280

dependence of permittivities c' and c" for the solid solution 0 0.05 0.10 0.15 020 025 0.30r r

BaLi 0.4 AII. 6 03.2 F0 .8. The frequency dispersion both in c-r and X
Fig.5 Evolution of the Curie point TC vs x for

is obvious. The variation of TC vs x is given in Fig.5. TC BaLi2xAI2_2xO4_4xF4x.
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for Al 3 + leads to decrease of TCO the increase in size of the polarization. By comparison with proper ferroelectrics, e.g.

central atom limiting its shift in the tetrahedral site. For BaTiO3, they are called 'weak ferroetectrics" by Tagantsev(9].

x>0.1, the increase T c-value implies certainly a small Some models have been proposed to explain the weak

structural change which did not appear in the XRD ferroelectricity" since the 70's, between both most important

ones the first is the two nonequivalent sublattice (TNS)
patterns. model[9,10] and the second is the pseudoinherent-ferroelectric

3.3,Pyroelectric prO_.tie model l1,12]. We suggest an "imperfect antiferroelectric"

Pyroelectric measurements have been performed on ceramic model by modifing the TNS model. In the average structure

samples by a thermal depolarization method[6]. They were first (Fig.2) there are two types of (AO 4 1 tetrahedra, their

poled by heating at the temperature Tp'l TTc-30K with a dc field spontaneous polarization vectors are opposite. The situation

of 10- 14kV/cm for 3 inn. The samples are short-circuited after is similar to that of the antiferroelectrics, the spontaneous

nolarization at the same temperature for l0h to eliminate the polarizations in BaAI2 0 4 are opposite, but nonequivalent, so

space charges. The measurements were performed with a heating tiat tncy Jon't fully compensate. A strong coupling between
rate of 6K/min. The thermal variation of the pyroelectric sublattice polarizations drastically reduces the values of the
coefficient p calculated froni t"e pyrocurrent is reported in Curie constant and the permittivity and gives a maximum in the
Fig.6 and that of spontaneous polarization P in Fig. 7. Ps temperature variation of spontaneous polarization Ps.

increases first with temperature, it reaches a maximum at
3.4.Dielectic relaxatign

P(- cm.... Th- frequency dependence of the real c; and imaginary part

0" of the permittivity is shown in Fig.8 at various
0 -4 - rG2 5-4 *k¼,,

-.... temperatures for the compositioi, BatLi0. 4 Al 1. 6 )03. 2 F0 .8. A

dielectric relaxation is detected in both f-rroelectric and

02 paraelectric phases. The temperature dependence of the

01 1.-., relaxation frequency fr is reported in Fig.9. Log fr varies

linearly vs I/T in both ferroelectric and paraelectric states,

-01 - _even around TC. following an Arrhenius law. The activation
:? !o 200 250 300 350 400 450 500

T(K)

Fig.6 Thermal variation of the pyroelectric coeffi- Er

cient p for ceramics corresponding to x =0, 1, 25

0.2 and 0.3.
21

22
X-P3 - 19

If) 1714 P... ..

16 1 ' ,• '

13 .* "" " •4en"

12 X=02 13

9
6 1 2 3 4 5 6
4 lIog fV.

12

50 100 150 200 250 300 350 400 450 500
T (K 10

Fig.7 Temperature dependence of the spontaneous Ps for 0. 1,0.2
8

and 0.3.

Tm= 2 00 K and then decreases down to zero at the Curie point. 6

This unusual behavior was previously found for the single .
crystal Ba 0 9 8 (A 0.9 9 9Cu 0 00 1)20 4 _a [5] for the ceramic " .: :

BaAI2 0 4 and also for some other materials, e.g. Li2 Ge7Ols[7 1 " ',; ; i

and CsCoPO4 (8]. These ferroelectrics have weak a permittivity 1 2 3 6

E r and a Curie constant C at TC and they present an unsual Fig.8 Frequency dependence of e. and c; at various

behavior of the thermal dependence of the spontaneous temperatures for a BaLi 0.4 AI1.603. 2 F0 .8 ceramic.
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properties. The measurement of temperature dependences of v,

and c" vs frequencv in the range 2U-300kHz shows a dielectric
rr

between 360 and 520K with appearance of an Arrhenius law. The

TC relaxation is related to L .i + and F -ion-

3
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ABSTRACT AI PZT Pt "

Ferroelectric thin films have been integrated with silicon
micromachined structures to form micromechanical pressure
sensors and infrared detectors. These devices are based on the
piezoelectric and pyroelectric effects in Pb(ZrxTit.x)03 and
PbTi03 thin films, respectively. Surface-micromachining
techniques have been used to form structures which are easily poly membrane cavity
deformable for mechanical force sensing or exhibit a low thermal
mass and low thermal conductivity to the substrate for infrared silicon substrate
detection applications. The ferroelectric and surface- Fig. 1. Cross section of a micromachined sensor structure with
micromachining technologies presented have furthermore been ferroelectric active thin films. The piezoelectric material is
shown to be compatible with a 3-tim CMOS technology. Both
microsensors and microactuators have been fabricated using PZT for mechanical mdcrosensor applications and PbTiO3 for
ferroelectric thin film technology. Representative examples in pyroelectric detector applications. Solid-state
this work are 1) a pyroelectric infrared detector array, 2) micromachining is used to form air gaps to allow either
acoustic pressure sensors, 3) micromechanical linear positioner, mechanical deformation or low thermal conductivity inand 4) piezoelectric microactuator, pressure sensor and infrared detection applications,

respectively.

INTRODUCTION

Ferroelectric thin films have recently been shown to be Sol-gel processing of piezoelectric materials has the advantage
Ferroeisinectari flms have m re applicntlbens. s-4Thown toe of greater compositional control over sputter-deposition, and

promising materials for microsensor applications. 1 -4 They are therefore the flexibility in optimizing film properties for a
particularly attractive in that can be incorporated into sensor particular microsensor or microactuator application. Sol-gel
structures in a wide variety of configurations and can be operated derived films must be deposited by spin or dip coating. Several
by using eithcr direct charge detect:,n or wave/resonance type
phenomena. Ferroelectric materials offer the possibility of sol-gel deposition techniques have been previously reported.5 -7

enhanced performance in these applications due to the extremely To date, only sol-gel deposition techniques using alkoxide
high electromechanical coupling coefficients (-200 pC/N for lead precursors have been used for microsensor 8 and microactua~or
zirconate titanate). We have integrated sol-gel deposition methods applications. 9 ,10
for lead zirconate titanate (PZT) and lead titanate (PbTiO 3 ) with
surface micromachining techniques to produce microsensor PZT films with various ratios of zirconate to titanate have
structures on silicon-based micromechanical structures, i.e., been prepared by sol-gel methods in our laboratory. The device
thin mechanical membranes of polycrystalline silicon or silicon work discussed below used films of 54% zirconate to 46%
nitride. These include piezoelectric pressure sensors and titanate. This ratio lies near the morphotropic phase boundary
pyroelectric infrared detector arrays. and can be expected to exhibit strong piezoelectric properties,

although the validity of the bulk material phase picture for these
A basic cross section of a typical micromechanical structure thin film samples still remains an open question. These films

used in both the pressure sensor and infrared detector structures have exhibited excellent microstructure" 0 and good ferroelectric
of this paper is shown in Fig. 1. For the pressure sensor we properties (Table I). although some variation with deposited film
specifically design the membrane to easily deform in response to thickness has been observed. The ability to achieve proper
an applied force such as that associated with acoustic energy. For crystallization of th, piezoelectric films is critical and is aided by
the pyroelectric detector we specifically design useful thermal the use of a platinum nucleation electrode formed by sputter
properties into the detector pixel. These are low thermal mass, deposition prior to sol-gel deposition.
low thermal conductance from the detector element to the
substrate, and low thermal cross talk between pixels. Considerable study has been carried out in our laboratory on

the dependence of film microstructure on the sol-gel
precursors 12 and on optimizing the sol-gels to obtain dense films.

MATERIALS Films between 0.2 and 1.0 gim have been deposited on platinum
substrates, and this thickness range is adequate for sensor

The ferroelectric thin films (PZT and PbTiO 3 ) used in the applications. Thicker films are however susceptible to cracking
device structures of this work were deposited by sot-get spin and further study of the coating process is necessary.
casting. The films were dispensed in successive 800-900 A spin- Test samples of the 54/46 PZT were fabricated using a
coatings and fired at 650 oC for 30 minutes. The selection of these platinum lower electrode and gold upper electrode. Some
materials is based on the ability to achieve extremely high representative results are shown in Table 1. Piezoelectric
piezoelectric and pyroelectric coefficients through simple properties (see Fig. 2) were measured by a load cell technique on
chemical modifications of the starting materials, film samples without the top electrode. Pyroelectric properties
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were measured on test structures utilizing bulk micromachining • 1000 E.,.v I,... ,I...1,,- 1.. -..
techniques, where the substrate underneath the film test area was •
etched away. A plot of the pyroelectric coefficient vs. temperature E
is shown in Fig. 3- These values demonstrate the viability of thin
film forms of PZT for sensing schemes based on charge detection. U

C- PbTi03
The piezoelectric voltage developed across the film thickness is 100 . * .

directly proportional to the piezoelectric coefficients, with ...... . "..... .

contributions from both the d33 and d31 coefficients. The actual ,_ PZT
voltage developed is inversely proportional to the capacitance per
unit area of the film. This suggests that, particularly for the case 1 ZNO
of pyroelectric detection, sensor performance could be improved 0 10 . . ......
by encapsulation of the PZT with a low dielectric constant .. °
insulator. A high quality insulator would also alleviate the U
problem of charge leakage through the ferroelectric film.

0

11 120 160 200 240 280 320
IL Temperature (°K)

Table 1 Summary of measured ferroeleciric thin film electrical and
mechancai properties.

Fig. 3. Measured pyroelectric coefficient in ferzielectric thin films
PZT and PbT,0 3 and non-ferroelectric ZnC.

Parameter PZT(54/46) PbTIO3 PbZrOQ La-PbTt 1ro
Pd-eef-iciu•t 190-250 20 240 200

Pyroetarm E! • 6.0
(lncic 2 K) 50-70 75-96 --- 65 Z

Dielectric Constant 800-1100 80-120 100 110

Reuistivity tf),c) 101.10 10.10 108 10. x

Loss Tan=lleir (tan 5) 5.0(1l03) 10-20 18-30 20 5.

•o 4.

4.00

-. C

V 0 3.5

1$4146)
200 0 0= • _> ~3.0' ' '

" " 0.1 0.2 0.3 0.4o 6)

S-Thickness (pm)
0WUL

" " 100 Fig. 4. Measured effective Young's modulus E/(1-v) for sol-gel

V deposited PZT thin films.

0 *.L 3Ip MICROMACHINING

0 Micromachining refers to the materials processing techniquesC- u.0 0.2 0.4 0.6 0.8 1.0 used to form useful micromechanical structures. Two general
PbTIO3 Zirconium % PbZr03 forms are used: bulk-micromachining and surface-

micromachining. The major difference lies in the removal of the
backside substrate or a sacrificial layer from the surface of the
wafer. Of the two approaches, we believe surface-

Fig. 2. Measured piezoelectric coefficient d3 3 in PZT (54/46) thin micromachining holds more promise for smart sensor systems for
films. the following reasons: 1) no two-sided photolithography is

required, 2) no non-standard chemicals are used, 3) precise
dimensional control can be achieved, and 4) the mechanical
integrity of the substrate is not weakened.

Prior knowledge of the mechanical properties cf the
constituent materials are also impcrtant to the design of Ferroelectric fabrication begins with either MOS circuits
microsensors and microactuators. In particular, the ii,ternal processed up to the point of source-drain contact opening if
stress and Young's modulus of the composite membrane is integrated microsensor structures are to be made or with
important in determining the mechanical properties of the device Si3 N4 /SiO 2 covered silicon substrates if off-chip electronics are
and its associated electrical response. Fig. 4 shows a plot of the to be used. A 0.3 gm-thick layer of low-pressure-chemical-
measured effective Young's modulus in PZT thin films of varying vapor-deposited (LPCVD) silicon nitride and a 0.8 rim-thick
thickness. layer of phosphosilicate glass (PSG) are first deposited at 800 oC

128



and 450 0C. respectively. The silicon nitride layer -",rms an
encapsulation layer to protect the almost finished CMOS rcuitry y 5

from subsequent processing of the on-chip sensors and tie PSG
serves as the sacrificial oxide spacer used in ihe formation of I, ,,-
sensor membrane structures. The PSG is patterned and
chemically etched to form anchor regions for a subsequent ,__-_.-----________-__
phosphorus-doped polysilicon microstructure membrane ___ [ _ _

deposition (by LPCVD). Sensor membrane regions are defined and
anisotropically patterned in a SF6/CCL2F2 plasma by reactive- La.,,-

ion-etching (RIE). A high-temperature anneal at 1050 PC for one '4
hour is performed in a nitrogen ambient to improve polysiliccn - - - .
stress properties. A 500-1000 A-thi':k 'ower platin,.m r 1
electrode is then sputtered over the entire wafer. "ilo platinum SI,,,S, b

serves the dual purpose of providing an adhesion/nucleation
surface for the subsequently deposited PZ1 of PbTiO 3 thin film and
serves as the lower electrode for piezoele-tric and pyroelectric .............

microsensors. S b .b

Sol-gel spin-casting of ferroelectric PZT or Pb-iO3 is then
carried out as previously described. The ferroelectric films are
then patterned by either chemical etching or ion beam sputter w a,,,,
etching. Photolithography is then used to protect the ferroelectric
thin films in carrying out a lateral sacrificial etching step of the
PSG layer. This step is commonly called surface-micromachining.
Doubly-supported, suspended, structures are released using 48
wt% hydrofluoric acid to undercut the PSG spacer layer. The
polysilicon membrane therefore forms an easily deformable
structure desirable for force sensing or a low thermal mass ar "w1

structure necessary for pyroelectric detection. For pressure
sensors, the ooern side walls of the microbridge are sealed by the
directional sputtering of silicon dioxide. , ,,

A top electrode to the ferroelectric thin film is then deposited
by Ti/Au evaporation. Contact openings to both the CMOS
transistors and sensor bottom polysilicon electrode are then sow

chemically etched. This is followed by sputtering aluminum (2%
Si) to form interconnects and bonding pads. -

A representative fabrication outline is described in Fig. 5. *

MICROSTRUCTURE AND CIRCUIT INTEGRATION

Integrating ferroelectric thin films with silicon-based
micromechanical structures requires several process
considerations. First, the micromochanical structures used in
this work are based on the surface-machining of thin film S, ,bwa. S' ,,,,

polycrystalline silicon membranes formed 0.7-1.5 pm above the t m --
surface of a silicon wafer. The polycrystalline silicon membrane
forms the mechanical support of the microstructure and
implements desirable properties such as a compliant membrane
or low thermal mass structure. Although we have also used
tungsten and silicon nitride as micromechanical support
materials. polycrystalline silicon represents a material which
can be easily tailored to have a wide range of mechanical and/or
electrical properties through simple adjustments in device
geometry, thickness, and process deposition conditions. Second, C- bok m

Ti-Pt is used as the lower electrode for Pb(ZrxTil.x)O3 thin
films. This serves as q nucleation surface and prevents the
chemical interaction of ihe Pb(ZrxTii-x)O3 thin film with the
polycrystalline silicon m-rnbrane. Third, step coverage issues
are important in the spinning of the solution over the elevated
micromechanical structure. Fourth, cracking of the Pb(ZrxTil-
x)O3 material is observed for film thicknesses greater than 1.0 S'b
pm. Fifih, electrical fatigue characteristics are believed to be
dependent on the top electrode material. In our work both gold and
platinum have been used. Finally, the resulting composite
membrane structure must exhibit sufficient mechanical strength Fig. 5. Representative surface-micromachining steps involved in the

to undergo typical deformations encountered in both microsensing fabrication of ferroelectric thin film sensors.

and microactuation.

There are several key sensor-circuit integration challenges: A representative current-voltage characteristic for an on-
1) realization of highly oriented ferroelectric thin films on chip depletion mode NMOS transistor is shown in Fig. 6. A custom
micromechanical membranes, 2) compatible merging of high-voltage NMOS process has been developed to allow integration
ferroelectric thin film deposition techniques with a high of ferroelectric thin films with microactuator structures. For the
performance analog circu~t processes, and 3) the ability to carry PZT thin films prepared in our laboratory, typical breakdown
out necessary micromachining techniques while ensuring the voltages are 6 to 9 x 105 V/cm. This implies maximum operating
integrity of both microsensors and circuits, voltages of 20 to 100 V for most devices applications.

129



I -Ap(T) dtdt( )

1 . .M where p(T) is tue pyroelectric coefficient evaluated at
temperature T and A is the surface area normal to the polar axis.

""... For response times greater than the thermal time constant the
responsivity, r, of the pyroelectric element is described by 141

3 -- , p- V(T)RL

IV pcpd(1 + [uRL(Ca + Cc)] 2 }2
(2)

S .... where RL is the equivalent parallel resistance of the detector and
r .- 4 - load resistor, p is the density, cp is the heat capacity, d is the

thickness of the detector element, Ca is the amplifier capacitance,
-7 -- and Cc is the capacitance of the detector element.

----- V-- 1.-I---------dI-v ) I Diagnostic 64 x 64 element pyroelectric infrared imager
chips have been fabricated as a demonstration vehicle for the
three-dimensional integrated microsensor concept. Fig. 7 shows
the three-dimensional cross section of a cell. A standard 3-Mm

Fig. 6 Current-voltage characteristic of an integrated circuit NMOS process is first carried out through the point of first
fabricated with on-chip PZT piezoelectric microactuators contact openings. A 0.5 pm-thick LPCVD silicon nitride film is
(microvalves). then blanket-deposited to protect the circuits. Back-end

polysilicon microstructure machining [61 and microsensor
fabrication processes are then carried out. Surface-
micromachined 1.2 pm thick potysilicon thin membranes are

PYROELECTRIC INFRARED DETECTORS formed 0.8 pim above the surface of a silicon wafer. Each of the
4096 polysilicon microbrudges measure 50 x 50 pIm2 with 75

Pyroelectric detectors have Iorig been used for room- pm pitch has its own simple preamplifier fabricated directly
temperature infrared sensing applications. These detectors are beneath an air gap. Sol gel deposition of PLTirO 3 on the heavily-
usually limited by thermal losses to an ambient heat sink and doped polysilicon membrane was used to form each pyroelectric
parasitic interconnection losses when integrated with hybrid element (7]. Each 0.36 lpm-thick PbTiO 3 thin film sensor
circuitry1 3 - 1 5 . This paper uses solidstate micromachining measures 30 x 30 pam2 and generates charge through the
techniques to minimize conductive heat tosses to achieve thermal pyroelectric effect (p = 90.5 nCicm 2 -OK for PbTiO3). The
isolation between detector elements. Polysilicon is used as a fabrication process requires five sensor masking steps in addition
microbridge to form pyroelectric infrared detector structures to the standard NMOS process. An optical photograph of a finished
with an extremely low frequency operation due to conductive heat die is shown in Fig. 8.
losses.

Sensor and circuit characterization were carried out inPyroelectric materials are well known in their application as atmosphere at room temperature. The circuits in the diagnostic
room-temperature infrared detector elements. In this work the chips were completely functional wlth no observable shift in
integration of sol-gel deposited lead titanafe (PbTiO 3 ) thin films threshold voltages or degradation of mobility due to the back end
on 1.0 pm-thick polycrystalline silicon micromachined micromachining ard microsensor fabrication steps.
membranes for pyroelectric sensing. While other PbTiO 3
infrared detector structures have been previously reported the Fig. 9 shows the performance characteristics of a PbTiO3
unique aspects of this work are 1) the sol-gel deposition of pyroelectric element. The measured blackbody voltage
PbTiO 3 thin films for infrared detector applications, 2) the responsivity for a PbTuO 3 pyroelectric element at 297 K and a
integration of PbTiO 3 thin films on low thermal mass chopping frequency of 50 Hz is 4.0 x 104 V/W. The measured
polycrystalline silicon membranes through the use of solid-state normalized detectivity D* at 297 K and 30 Hz is 4 x 108 cm-
micromachining techniques, and 3) demonstration of fabrication
compatibility with silicon MOS electronics. Hz 1/2 /W.

Devices incorporating micromachined components and The infrared imaging chip was operated in a serially scanned
integrated circuits reported in the past have been impleme'nted 0 mode. All elements were functional. No adjacent element
such a way that microsensors and integrated circuits occupy responsivity has observed under single element infrared
separate areas on the chip or involve bump interconnection of two exposure. The voltage gain for the on chip circuitry is
substrates. Chips implemented in this manner often have long approximately 48 dB and demonstrates the functionality of the
interconnections !;om the sensors to the signal processing imager. Further systems work is required to make this a
circuits especially in applications involving two-dimensional practical imaging device.
arrays and complex signal processing circuits. This often
degrades sensor performance due to parasitic losses. We have selected PbTiO 3 as the pyroelectric thin film

material. The fact that this material is easy to process by sol-get
This paper describes a vertical integration approach to deposition directly on heavily-doped polysilicon membranes

all&.!iale these problems. In this approach the sensors are greatly simplifies fabrication. Further work underway suggests
fabricated on top of the integrated circuits and the that the responsivity of this device can be improved through
interconnections between the sensors and the signal processing intentional lanthanum doping of the PbTiO 3 .
circuits are formed via contact openings. This implementation
saves chip area since the sensor array, integrated circuits, and Device and circuit characterization were carried out prior to
routing circuits virtually occupy the same area. and after microsensor processing. No significant degradation was

apparent. In addition, it appears that the chip area per sensor can
Each microsensor generates charge through pyroelectric be significantly reduced by use of surface micromachining rather

effect which is the result of the alteraticn of the infernal dipole than bulk-machining methods, The ability to fabricate these
moment of the capacitor film through a change in temperature. microsensors in VLSI NMOS processes suggests further
This change in temperature produces a displacement current integration of ferroelectric sensors with high-density standard
parallel to the polar axis given by cell analog ad digital building blocks.

130



MICROMECHANICAL MEMBRANE MICROMACHINED PRESSURE SENSORS

PYROELECTRIC/PIEZOELECTRIC
TModeling of the piezoelectric sensor is done using the basicN -__ / theory of mechanical beams. The beam is a layered structure of

AIR GAP - -- upport m aterial (polycrystalline silicon), bottom electrode
(Ti/Pt), piezoelectric material (PZT), and lop electrode (PI).
The thin film mechanical properties of the materials involved,
with the exception of PZT have been previously studied. Some

preliminary data has been obtained on PZT by our group.' 6 A

. .. ...... •closed form solution can be obtained assuming that the deflections
are small relative to the sensor dimensions and assuming a simple

set of boundary conditions at the edges of the beam. It has been

+shown by Choit 7 that for the materials involved, assuming typical
F IELD OXIDE beam dimensions of between 10 and 100 I±m on a side, the vertical

GATE OXIDE deflection even under a pressure excitation of 1 mbar is only on
the order of 10 nm. Thus, the assumption of small deflections is

Fig 7 Cross section of vertical integrated microsensor concept. justified and the sensor would not be expected to bottom out.
Solid-state micrnmachifnig ,s used to form an air bridge Piezoelectric charge is induced normal to the piezoelectric film
immediately above the preamplifier circuit. surface. The contribution of charge directly due to the normal

pressure component (proportional to the d 3 3 coefficient) is

relatively insignificant compared to that due to the transverse
strain of the beam as it deforms (proportional to the d3 1

W O N a" coefficient) under the excitation. The induced charge then
Se l • - j u |produces a voltage signal inversely proportional to the

capacitance/unit area oa the piezoelectric film. The induced
charge/unit area at each point on the sensor varies greatly over
the sensor area, as it is proportional to the induced stress.
However, the voltage across the film is constrained to a single

value due to the presence of the top and bottom electrodes. To find
this voltage, the induced charge/unit area can be integrated over
the sensor area and this total charge divided by the capacitance of

the electrode bounded piezoelectric film. Alternatively, an

average stress component (oxy) can be calculated and this

quantity then divided by the capacitance per unit area. The
relationship of the key quantities in the sensitivity figure (S) are
as follows:

d O
S 31 

(Y

-- . where t is the thin film dielectric constant with thickness I.

The voltage sensitivity of terroelectric film sensors with their

4 A u U a a is a a a a a ao very large d31 coefficients is therefore not necessarily greatly

enhanced over that of sensors made with non-ferroelectric
"piezoelectric films. However, the signal charge/unit area is

Fig. 8. 64 x 64 element infrared imager fabricated using NMOS enhanced by two orders of magnitude over such non-ferroelectric

circuits, PbTiO3 ferroelectric thin films, and polysilicon materials as ZnO and AIN. This allows voltage amplification by

mtcrobridge technologies. using composite dielectric structures and also greatly improves

the signal-to-noise situation.

Piezoelectric pressti - sensors based on Pb(ZrxTil.x)03 thin
4 0 . .films have been fabricated in a silicon IC-compatible process

a a ao31 using surface micromachining techniques. The diagnostic
pressure sensors fabricated in this work have dimensions ranging

from 20 x 20 gm 2 to 250 x 250 pm 2 and make use of 0.45 pm-
thick Pb(ZrxTil.x)O3 piezoelectric capacitors supported 0.8 gim

" 10 •above the silicon substrate on 1.6 ptm -thick deformable
108

V4 polycrystalline silicon membranes. Fig. 10 shows the
unamplified voltage of a Pb(ZrTil. x )0 3 pressure sensor as a

S• function of acoustic p;e:isure.

E i0l

0 • MICROACTUATORS

Novel micropositioning actuators has been fabricated based on

1 01 1 " 2  1 0. . . . .. 1 0. . the inverse piezoelectric effect. The basic device shown in Fig. 11
is implemented in a geometry of N piezoelectric tars connected in
a meander line configuration which are mechanically in series and

Frequency (Hz) electrically in parallel1 0 . Each bar is electroded on two opposing
faces parallel to the length of the bar with electrical connection
made to the terminals of a dc variable power supply. The

Fig 9 Detector performance measured in a PbTiO3 infrared detector piezoelectric polarity between bars is alternated .) achieve linear

element. expansion and linear contraction in adjacent bars. Because both
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100 Diagnostic microvalves have also been fabricated using PZT
"thin film technology and polycrystalline silicen cantilever

PZT-Wr oalfcon membranes. These device structures are similar to the generic
I a 5.0 Hz device shown in Fig. 1 but are singly supported in the form of a
A a 500 tin,, 500 in cantilever. These device have been actuated to achieve vertical

=:1 deflection of the tip. Tip deflections measured using an optical

10 microscope are approximately 4 pm. Further details of this work
0 will be presented elsewhere as this work progresses.0to

"4- 5
0 slope 203 g.VI/gbar

*j ~4
_0 E

.- 3

.uOl .01 .1 E

Acoustic Pressure (pbar) 2
2

Fig. 10. Acoustic pressure sensor responsivity using a PZT thin film a 1
on a surface-micromachined membrane.

0
0 20 40 60 so 100

V(wi.t. bar i:zoeledrc
Bd E) (ZnO, PZT, etc) Applied Voltage (V)

Fig. 12. Measured displacement of microfabricated PZT meanderline
positioner. The device consists of 16 piezoelectric expander
bars.

CONCI USIONS

In conclusion, we hav, demonstrated the integration of sol-gel
ferroelectric films into micromachined sensor structures. The

wprimary advantage of PZT over other piezoelectric thin films is
its large piezoelectric effect. The primary advantage of PbTiO.3
lies in its extremely high pyroelectric coefficient. The nature of

)N r Ou cone~dion the so(-gel deposition process and micromachining techniques is
dIs lutemn po/afea compatible with conventional integrated circuit technologies and

may offer a high performance, low-weight, solution to future
smart guidance and navigation applications.

Fig. 11. Schematic of micromeanderline positioner. For the pyroelectric infrared detectors described in this work,

0ol-gel deposited PbTiO 3 thin films have been integrated with

ends of the meanderline are anchored to a silicon substrate, the pulycrystalline silicon microstructures and analog CMOS circuits.
center of the meander line experiences a forward displacement Solid-state micromachining techniques have been applied in the
equal to N times the change in length of a single piezoelectric bar. formation of a thin film polycrystalline silicon membranes for
An additive displacement is therefore obtained. The folded reduced thermal mass and air gaps for thermal isolation
geometry allows substantially large displacement to be obtained on purposes. Sol-gel deposited PbTiO 3 offers a significantly higher
a microfabricated chip. pyroelectric coefficient than other IC-compatible thin film

materials and is compatible with CMOS integrated circuit
The positioning force obtained from the meanderline has been processing technologies. The extremely high pyroelectric

derived by RobbinsI 0 . The force Fpz is given by coefficient attainable in PbTiO 3 thin films deposited on
polycrystalline silicon micro-bridges suggests further
pyroelectric or deformable membrane piezoelectric microsensingFpz = 2 Ed31 wV (3) applications.

where V is the applied voltage, w is the width of the piezoelectric For the piezoelectric pressure sensor and microactuators
bar, d31 is the piezoelectric coupling constant, and E is Young's presented, surface-micromachining techniques have been used to
modulus. form deformable polysilicon membranes. Deformation strains are

transduced to an overlaying PZT piezoelectric thin film in sensing
Initial results obtained for this device are currently and generated during actuation. The advantages of piezoelectric

encouraging. Linear displacements have been achieved in the sensing include the high signal-to-noise ratio and low power
ranre of 0 - 4 4sm as shown in Fig. 12. Problems have been consumption. The strong advantage of piezoelectric
encountered in the the fabrication of this device due to the long microactuators lies in their ability to generate extremely large
effective length over which mechanical integrity of the str,ýcturc forces when compared to other actuation methods operating at
is to be maintained. equivalent voltages and low currents.
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MODIFIED LEAD CONTAINING PEROVSKITE CERAMICS FOR ELECTROOPTIC,

ELECTROCALORIC, PYROELECTRIC AND ELECTROSTRICTIVE APPLICATIONS

A.Sternberg, L.Shebanov, E.Birks, M.Ozolinsh, V.Dimza, and E.[lotins

Institute of Solid State Physics, University of-Latvia,

8 Kengaraga St., LV-1063 Riga, LATVIA

Abstract' The authors discuss the physical
background of the feasible diversity of modified
lead-containing perovskite ceramic compositions with
field-induced first order and diffused phase
transitions, a number of particular model devices Table 1
being considered. Specific changes of structure and Characteristics of structure and BCE of doped lead-
properties of the PLZT ceramics doped with 3d- scandium tantalate solid solutions
elements and radiation efects in some of the S

compositions are examined. 4ToK h TECE, pyrochlore, of PT
Introduction I vol.

In -20 0.80 8 diffused
The present report is an attempt to represent from a Ga -14 0.75 7.6 sharp
common point of view the most recent results and Kn -38 0.25 3.8 strongly

trends in possible applications and studies of diffused
modified lead-containing perovskite ceramics. The Ni -32 0.50 0 diffused
nature of the phase transition and the state of Fe -12 0.85 1.9 sharp
polarization are important for the efficiency of any Co -10 1.30 O sharp
special application. Zn -12 0.75 1.18 diffused

Y -18 1.40 0 sharp

Electrocaloric effect V +4 0.70 0 diffused
Sb -19 1.50 1 sharp

Considerable interest has been recently paid 11-3] to Nb +7 1.10 0 sharp
electrocaloric effect (ECE) - a general property of Ti +11 1.25 2 sharp
dielectric substances to change their temperature Zr +10 0.85 3 diffused
under electric field applied under adiabatic Hf +8 0.60 5 diffused
conditions (ATECE). A large ECE is expecLJ at field- Sn -17 0.70 4.4 diffused
induced first order phase transition (PT) in L _ _
ferroelectrics (FE). Potential applications - energy Note. Applied field intensity - 25 kV/cm. Amount of
conversion (the absolutely higher values of ATEýE dopant - 10 mole %. Shift of ECE maximum
obtained so far equal to 2.6 K and belong to ceramic temperature ATm is given with respect to the

composition Pb 0 . 9 9 Nbo.o 2 (Zro. 7 5 Sn 0 .2 TiQ.05)0.90O3 temperature of ECE maximum Tm= 2 9 5 K in undoped PST.
(41, of the three-component solid soqution series
which is referred once more hereafter concerning the The highest value of ATECE obtained by optimizatior
large field-induced deformation), cascade of technology has reached 2.3 deg at 50 kV/cm and
microcryogenic devices. +70 C temperature (2 deg at standard field of 25

The PbSc 0 5Ti 0 5 03 (PST) solid solutions are found to kV/cm).

be a useful material for active elements for the last Introduction of the film (e.g.,tape casting)

[21. A temperature difference of ATECE=.0-1.8 K at techniques to reduce operating voltage of the active

field intensities 20-30 kV/cm in the interval of 210- ECE element as well as fabricating of MLC's to

310 K can be achieved by simultaneous or separate achieve higher electric field strengths (Dr.W.Lawless
isomorphic substitution of Sb and Co ions in B-sites - private communication) seem to be next step in ECE

of the lattice (the greatest value in the temperature active elements technology.

range now). This is due to structure re rrangement at PST solutions (black coated, e.g., by matrix
the PT (a large volume jump AV=O .078 X) and a high electrodes, ceramics plates) in the range of a strong

degree of the Sc and Ta ion ordering (U=0.85-0.90) at dependence of the ECE on applied field intensity, and

field-induced paraelectric (PE) - ferroelectric (FE) fast response

phase transition Fm3m - R3m. (_106 sec) may find application of high sensitivity

To maintain a high ECE in modified PST solid solution and high resolution (-0,1 K) thermal image modelling

it is necessary to satisfy the following and IR detector testing.

requirements:
- to keep a high ordering of trivalent and Electrostriction

pentavalent ions in the B-sites;
- the substituting ions must have a high electronic High values of longitudinal strain (-0.87%) have been

polarizability; observed [5J in the
- stability of the initial structure should not be Pb0 9 7 Lau V2 (Zro. 6 6 Ti 0 1 1Sno 2 p) 3  composition of

lost by overtension of A-0 and B-0 bonds. Pb(ir,Sn,Tl)0 3  tripple solid solution system,

Characteristics of the structure , PT and ECE of some mentioned hereabove, at room temperature at the

doped PST solutions are given in Table I. field-enforced PT from antiferroelectric (AFE) to FE
state. A switching time of <1 ps was detected (under
field >30 kV/cm).
By optimization of the technological cycle (hot
pressing, thermal treatment) improving ceramics
microstructure and phase homogeneity we have obtained

CH3080-0-7803-0465-9/9253.00 ©IEEE 134



the value of relative deformation in the composition
about -1.41 at the field of -4e0 kV/cm. A field- electric field (mechanic tension, temperature.
enforced transition from tetragonal AF to irradiation) and a ceramic microstructure allow for
rhombohedric FE phase has been observed by X-ray reversion of local microregions without the change of
studies at 200C (obtained unit cell parameter values: polarization in surrounding matrix. TFC has a number
aT= 4 .li9±O.001 1; cT=4.O9 5±O.O0l X; VT-6 9 .481O.04 13 of applications in opLuelc..tronic devices, some of
in the APE phase and aRmii.11 8 l±0.OOO6 X; them being developed at the University of Latvia:
CZR= 89 .80±O.O2 deg; VR=69 .0 3±0.0 2 13 in the FIE phase. - wide aperture modulators (7] ('Pulsar" series),
A small change of entropy at the AFE to FE phase using parallel plate of inter-digital type (engraved)
transition (opposite to the case of ECE where a large electrodes ot rise-time in microsecond region;
entropy jump at the FE to PE phase transition is apperture up to 70 me;

utilized) explains the weak dependence of the - a PLZT frequency shifter 181 (20 kHz) as Well as a
critical field on temperature. It is worth to notice voltage-controlled PLZI X/4 phase plate have been
that pronounced first order PT properties including introduced in the laser heterodyne interferometer for
double hysteresis loops amongst oxygen perovsklte automatic displacement measurem~entS with the
ceramics are observed only if the FE and PE phases accurracy t10 nml and I Hz display update rate (see
transfer to AYE phase. It may be related to optical art-ragement of interferometer in the Fig.l).
supposedly exclusive first order character of the
AFE-PE transitions, explaining extremely high
parameter values characteristic to the Pb(Zr, Sn,
Ti)0 3 solid ziolution series aiid related to field- MCESN-TP AE
induced first order PT: field-enforced strain and *wwO~mc KAJIgI NC*SU-T AE

ECE. PHOT00111PICYO HETERODYNE I KTERFEROI.CTER

However, there is a number of problems like £XLY111

hysteresis, nonanalytic deformation-field dependence, /*PUATS POL&RIZAlow
,,fl U PLIKTi -

anti fatigue effect, regardless to the extremely high in.I d-71.n. nvalues of electric field-controlled strain U ~ 2n ' A4
considerably exceeding the ones of the relevant SPLITTO + IEO

parameters of classic electrostrictive materials and AskLyZin V11: :1,20
"giant electrostriction" in FE relaxors, (e.g. , in pmAumwYU nmY~onmo

PMN-PT, PMN-PSN and PLZT X/65/35 compositions the 21k ,uASS
value of Q1is more than 0.02 m

4/C2). In FE relaxor PHOODTU0TICOE

materials in the region of the strongly diffused PT
at the field-induced change from macroscopically
nonpolarized to FE state the growth, orientation and
merging of polar microregions is followed by high
mechanical strains proportional to polarization P FIGURE 1. Optical arrangement of a PLZT Michelson
square (s -QiiP12 ). Material returnb to its type laser heterodyne interlerometer.

nonpoarize stae upon removal of the applied field.

The longitudinal electrooptic (F.0) effect and - a commercial version of low voltage PLZT ceramics
electrostriction (providing the most essential Kerr cell with computer controlled DC and AC voltage
contribution, about 60%, to the optical path sources for didactic use, classroom demonstrat ions,
variation) are used in the electrical ly-control led and transfer- of information by laser beam 19-101 (ser
Fabry-Perot near IR interterometer without polarizers experimental set-up on Fig.2). Such modulators can

(61. [TO electrodes are applied to opposite faces of also be successful as c-hoppers in lock-in, amiplifier
PLZT ceramics plane parallel plate of thickness -1 techniques.
mm. The quarter-wave voltage 01 4 at A-=3.39 Pm hads
been 510 V and 2100 V for 0~ZT 8.5/65/35 and
10/65/35, respectively (contrast ratio - 9:1). P L9M A PO IPA

Pyroelectric effect

The lead-containing pernvskite ceramics inc~luding l 4q
modified IPZT are distinguished by a relatively high
values of the pyroelectric coefficients and used in
pyroelectric IR detectors. We have developed a deSign :_
for light switches and alaiigi devices. TheL
concenitrator of radiation is shaped as a Cone Walkms

(instead ot mirrors or lenses) simplifying its Cnrle
production. Sensitivity of the devi ce having the form
of cylindler is easily varied within wide limits by
the size of the latter. Th(. radiation can he detected
from a narrow spatial angle. At the length of 150 mm
audil dijamet er of 50 MM tie' opelat up dist ance i,5 li) toIUE 2 xermn e -p o er c
15, m. FGR . Eprmna e U fKr

demonstrat ions.

Electrooptic effect.

I',, Most I am i lIajr t rainsparent I prroel pevt ri c. (er-,mi f

(IF )- S%0sem PLI/ isi i t\,pical I F rve! aolr ma~
t
tor i,1

ail lilt isel P] Model , so1linta iuig " high vallue oI
'hquaofidrtic Ftu-coottIiCielits (k , 5cl-l6 m2~/k,) ill a

r if it %ju ok ii I m[)rot ri irg I Jlg' 7 . ' Ile op r,)1 I 1 X iS i
I I I on toe i nduid ar11d n'Ft r le d b c i app 1 i ell
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- a PLZT modulator for computer-controlled Ck laser at the lattice (Uý_ octahedra) and the increase at
beam (He-Ne, A=0.6J3; 1.15 pm, YAG:Nd) intensity the concentration of additional elementary dipoles,
manipulation for biological and medical purposes. To on the one hand, and prevents the long-range ordering
avoid the eftects €fue to some itistabilit) of the of the A-sublattice, on the other.
values ot PLZT EO-coetticients with temperature and The manifestations of the lattice interaction with
time as well as to obtain a line,-r input-output EO- the J-T centres of modified PLZT are seen in:
conversion the modulator is provided with a voltage - optical absorption [12];
controller using a photoelectric feedback. The - 9*( ,T,t), P(E) (Fig.S) 115] and 41/1(F)
controller can be drived by an analog or digital (8 behaviour 112];
bit) periodical or chaotic electric signal, providing - Raman spectra (central plate broadening) (Fig.4)
optical output with no less than 20 gray scale 113];
levels; duration of pulse step - less than 0.5 asec; - electromechanic and elastic properties 112];
rise and decay time - <0.2 msec. - X-ray diffraction [12];
- an intracavity matrix adressed (30x30 programmable - EPR dependence on admixture concentration [14).
scanning elements of 0.45xO.45 r2 clear aperture)
PLzT spatial-time modulator- is demonstrated with a
pulse IAG:Nd laser 11l]. A diffraction limited beam cp.
quality and 10 psec direction exchange time have been
achieved; optical threshold energy up to 11 J/cm2 

(a
schematic picture of the device is given in Fig.3).
The losses caused by 111T here are compensated by
additional pumping of the output radiation intensity.
Laser pointing, location and projection are possible
applications.

93003&JO4&LU DRIVING VOLThG1f

13)4 PI/XT(&tl ] ILN nORUoULL |atta YVY!IL•••

I - t
FIGURE 3. A schematic picture of the integreted 20 5o1
duplex mode electrode laser switching arrangement.

Doping with 3-d elements FIGURE 4. Raman spectra of pure (curve 1), doped with

A series of experiments have been made [12-15] to 1 wt.1 Fe (2) and Mn (3) PLZT 8/65/35. 1, II, III -
study the effects of 3d-dopants ,n +h( strurture, the "amorphous" bands; C.p. - central peak demonstrating
optical, dielectric and mechanical properties of PLZT a critical behaviour.
8/65/35 ceramics. On the other hand, introducing of
small amounts at admixture has allowed to obtain more
information about a number of fundamental phenomena e
in solids: relaxor EE phase transitions, Jahn-Teller goo
effect, ordering etc. in perovskite structures.
Examination of Mn and Fe dopant effects has shown
that Mn

3
+ and Fe'd are the dominating forms of 3

admixture ions in the yerovskite lattice which means 600
that Jahn-Teller (d

4
) configurations are most

preferred. A small traction (no more than l1) of Mn 4
ions are introduced as Mn2+ ions. The J-T (Fe4+Mn

3 +) " - 2

centres are activators while the other ones (Fe
3

+,
Mn

2
÷) may be used for EPR sounding of the lattice

environment. 0 f 2 4 S 6 7 4
The J-T centres interacting with soft mode vibrations 0 9 24,6 4 6
promote the shift of FE phase transition to higher
temperature, represent elementary dipoles (at medium FIGURE 5. &"( ) of pure (curve 1), doped with I
temperature) arid catuse the polar distortion of the wt.% Fe (2) and Mn (3), t-irradiated (dose 3.109
elementary cell (at low temperature). rad)(curve 4) PL?.T 8/65/35. T.... =T +10 deg; TM -
The processes observed at doping provide some temperature 6(T) maximum at iuOr3 H
suggestions concerning the properties of PLZT
material. The Raman spectra of PLZT show bands
characteristic to disordered solids (Fig.4. bands I,

11) which correlate with El'IR signal wit.h gef-f4.3 and
with the 8' dispersion at If)1 -107 Hz (Fig.5, region
II). lo'+ ions obviously are responsible for the
distortion of oxygen octahedra and "relaxing" Ti ions
in the off-site positions inside the octahedra. Thus,
Lid+ ions are responsible for localized distortions
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Radiation effects 120 ,.,4 1.30

Different kind of irradiation ( -rays, electrons, f 1. 2

neutrons) way be used to introduce defects control 100 - 3

defect concentration and obtain information about the I.-

defect processes in materials studied under different 0 I 0

conditiuns (e.g., state of polarization, sample

geometry). There is some interest to investigate 0.80 I 2 I 1.22D

radiation damag- with regard to application. 1.0

Experiments were made on ceramic spacimens of PLZT i 0
X.65/35 (X=4.5-l1 at/fLla) and PSN [151, detecting

significant alterations of the optical and dielectric 0.00 0.80

proper-ties. Most recently electron-irradiated PST,

PSN and PSN-Ba ceramics have been investigated 0.5 0
(fluences up to 3.1017 electr/c. as well as neutron- 0.40 V

irradiation studies of the effects with respect to 0.40
the dose (5.1017; 1018 n/cm2 ) (to be published). 3

All the optical (absorption difference AD) and 20

dielectric (hysteresis loops, , , tg6) measurements 020 020

were made at room temperature. Annealing as well as 000-

aging were studied.
The change of optical properties of PLZT 8-11/65/35 .
ceramics is mainly observed near the absorption edge 0.0 - 0.20
- a characteristic maximum in AD appearing 370-390 no 380 400 450 350 400 450

irrespective to the type of radiation employed waWvglsnthAr•nm0€t wm Xnm

(Fig.6,a). Intensity of coloring (the value of AD)

depends on the type of irradiation, fluence, as well
as of thickness of the sample. Defects can be

annealed at temperatures between 400-700 °C 2.00
(Fig.6,b). C)
In the case of electron- and neutron- irradiated PSN

and PSN+Ba ceramics without changes at the absorption 3
edge (360-370 nm) supplementary AD maximum at -490 nm

appears, however completely annealed at temperatures .

about 250 0 C. (Fig.6,c).
The maximum of AD in PMN ceramics is shifted to
longer waves of 510 �. The change of ion charge,

apagrenl war asoitdwt th obeved color0redistribution of genetic defects, appearance of true 1.00
radiation defects as a result of ion displacement
aparently are associated with the observed color

centers of the broad absorption band.

PSN, PST and PMN compounds are more resistant to 0._0"___
irradiation as compared to PLZT in what concens 0he

change of dielectric parameters caused by

irradiation. (It has to be noticed that some activity

is observed in compounds of the first group for which

reason they cannot used in experiments immediatly

after irradiation). The most pronounced change occurs

in the shape of the hysteresis loops in the "hard" FE

samples (e.g., PLZT 4.5-6/65/35) (Fig.7). This may be

explained by classic mechanisms leading to the -. 50-1
appearance of intrinsic radiation-induced bias fields 3W 4W 4W 50 &W am

in FE substances. The state of polarization of the waveisghknfn

sample - thermally depolarized (TD), polarized by

electric field (EP) during its irradiation is

important (Fig.8). The upper symmetric loop is FIGURE 6. Optical density difference AD vs.

observed in TiD-samples while identical samples wavelength: a) of PLZT 10/65/35 irradiated by: 1 -

polarized before irradiation show pronounced neutrons 22.1018 n/cm2 ); 2 - electrons (8,4.1017

asymmetric hysteresis. Fig.8 also demonstrates electr /cm ); 3 - f-rays and neutrons (5.10t rad;

observed build-up process of the loop size under 2.1016 n/cm2); 4 - '-rays (9.108 rad.); sample

repeated cycling conditions related to rearrangement thickness d=0,3 mm;

and relaxation of radiation-induced defects. b) of PLZT 9,75/65/35 irradiated by neutrons (fluence

Regarding loop-tormation the following is observed. 1018 n/cm2 (1) and annealed up to: 2 - 165°C; 3 -
Starting with symmetric loops upon increasing the 192°C ; 4 - 220°C; 5 - 274°C (2 deg/min); d=0.25 mm;
temperature to the next annealing stage, the loop c) of PSN, irradiated by neutrons (fluence 5.10i7

rerames assymmetric which Can be explained by n/cm2)(1) and annealed up to: 2 - 1650 C; 3 - 192C; 4
redistribution (diltusion, drift) of radiation - 220'C; 5 - 274 0 C (2 deg/min); d = 0.25 mm.

induced detects in samples polarized during a

previous measurement. Long-time aging (_8 months)

eads �to a similar result, as annealing in the same

kind of samples. M.easurements of the complex

divlectric permeahi I i r.0 t t-irradiated samples

suggest there is a decay of the most prbable

c-l )x.t i() If 0re(q e vlc% ot th. die" le.trir polar'iiation

with aging j15 1 (9 5•curVe4)•
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ConclIus i on

25-00 iIn the applicationis considered abo~e the modified

lead-containing perovskite compounds are used in the
form of plates (thick films) about u.) 3am thick cut

200 -- 1~ - - -from bulk Ceramic bulbs. Some of them holding d

strong position in the tield its t heV are, the

C4 knowledge obtained inl search for modit ied
compositions and comprehensiv.e studies ot their
structure and properties are' regarded as a good basis

,15,00for thin film product development being at current
interest and more attracti'\.e in many, of applications.
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RELAXOR FERROELECTRICS WITH LANTHANUM PEROVSKITES

Tadashi Takenaka and Toshio Kanegae
Faculty of Science and Technology, Science University of Tokyo,

Noda, Chiba-ken, 278 JAPAN

Lanthanum perovskite compounds, La(B 11/2 BI1
I/2)03

(BI=Ni, Co, Mg; BII=Ti), are studied as a candidate for 2. Sample Preparation and Experiments
stabilizers to form perovskite-type Pb(Znt/ 3Nb 2/3)0 3 (PZN)- PZN-based ceramic samples were prepared by a conventional
based ceramics. A conventional sintering technique is utilized sintering technique. Reagent-grade (> 99 %) oxide powders of PbO,
to prepare the ceramic samples with PZN-based solid solution.
The ratios of the perovskite phase to the pyrochlore phase n
were more than 90 % at 10 mol%-modification of starting materials. The constituents were dried prior to weighing.

La(Nil/ 2Til/ 2 )0 3 (LNT), La(Mg 1/2Tili 2 )0 3 (LMT) or Weighed raw materials ,.,.'ere mixed in a polyethylene pot with agate

La(Col/ 2Til/ 2)0 3 (LCT). Effects on suppression of the balls or zirconia balls and acetone for 10 hours. After drying, the
pyrochlore phase in these ceramics are evaluated for the mixture was calcined at 800 °C for 1-2 hour. The calcined material
dielectric and electrostrictive properties. was ground and ball-milled again for 20 hours. The dried powder

The transverse electrostrictive strain, St- -0.75xI0-4, was granulated with polyvI,.yl alcohol solution as a binder, and then
is induced by electric field of 30 kV/cm in the thickness
direction in the 5 mol%-LNT modified PZN-based ceramics. pressed into disks 20 mm in diameter and about 1-1.5 mm in

The magnitude of strain is a little small but the strain hysteresis thickness. The disks were sintered in a capped MgO crucible to
is very small as compared with those of piezoelectric ceramics. prevent evaporation of PbO during the sintering process at 1050 'C

for 2 hours in air after burning out the binder at 500 °C for 3 hours.

1. Introduction The crystalline structure was examined by an X-ray powder

Relaxor ferroelectrics which consist of lead-based complex diffraction technique using CuKa radiation. After cutting and

compounds show indistinct Curie points at the phase transition polishing of 0.2--0.5 mm in thickness, fired-on silver paste was used

between the ferroelectric and paraelectric phases, i.e., they exhibit a as the electrodes for electrical measurements.

diffuse phase transition. Among a lot of relaxor ferroelectrics, lead The temperature dependence of the dielectric constant, Es' and

zinc niobate, 1 Pb(Zn1 /3Nb 2/3)0 3 (abbreviated to PZN), with dielectric loss tangent, tanb, were measured at 10 kHz, 100 kHz and

perovskite structure displays the highest2 Curie temperature, Tc, of 1 MHz using an automated dielectric measurement system with a

140 *C. The crystal structure is a rhombohedral symmetry with lattice multifrequency LCR meter (YHP 4275A) in the temperature range of

constants of a=4.061 A and (x=89°55' at room temperature. The -80-200 'C. The D-E hysteresis loop was observed using a standard

PZN system is promising 2,3 for various dielectric, piezoelectric and Sawyer-Tower circuit at 50 Hz.

clcctrostrictive applications, because PZN shows a large maximum Electrostrictive measurements, that is, strains under the applied

dielectric constant at Tc, and exhibits excellent dielectric and electric field, were measured by a standard strain gauge method.

piezoelectric properties. However, the ceramics of PZN compounds Variation of resistance was measured using a Wheatstone bridge

prepared by the usual sintering process have a pyrochlore structure in because resistance of the strain gauge attached to the sample varies in
which applications to dielectric and piezoelectric materials are proportion to the strain (AI//) induced by an applied electric field in

inactive. the sample.
Various modified sintering methods have been proposed to

form perovskite PZN ceramics. In one of them, many kinds of 3. Results and Discussion
metallic ions are substituted for part of the Pb2+ and Zn 2+ ions in 3.1 Suppression of pyrochlore phase

PZN to introduce a strong ioni,. booi. A single-phase perovskite Figure 1 shows the X-ray powder diffraction pattern, of
structure can be produced by substituting, for example, 6 mol%- La(Ni1 /2Ti 1 /2 )0 3 (LNT), La(Mg1 /2Tit/2)0 3 (LMT) and

BaTiO 3-modified 4 or 10 mol%-KNbO 3-modified5 ,6 PZN. La(Co1 /2TiI/ 2)0 3 (LCT) ceramics, which all have a single phase of

In this paper, several lanthanum perovskite compounds, 7  perovskite structure. The Galasso's book 7 includes the data on LNT

La(B'1 /2Bli 1/2)0 3 (BI=Ni, Co, Mg; BIi=Ti), are studied to stabilize and LMT, but no data on LCT

the perovskite-type Pb(Znl/ 3Nb2/3)O3 (PZN)-based ceramics which Figure 2 shows the X-ray diffraction patterns for the solid
were prepared by modification of the lanthanum perovskites as solution of the (1-x)Pb(Zn1 /3Nb2/3)0 3 (PZN)-x.La(Nit, 2Ti ,)O3

follows: (LNT) [LNTIOOx]. The pattern of PZN(LNTO) indicates a

(1-x)Pb(Zn1i 3Nb 2/3)0 3 -xLa(Nil/ 2Ti1/2)0 3 [LNT100xj, 8  pyrochlore structure, however, the intensity of the perovskite phase

(I-x)Pb(Zn /3Nb2/3)0 3 -xLa(Mgt 2Ti1/2)0 3 [LMTIO00x] and in the system [LNTIOOx] increases as the LNT content (x)

(1-x)Pb(Zn1 /3Nb 2/3)03 -xLa(Col/ 2Til/2)0 3 [LCI'100x], increases. The intensities of X-ray diffraction patterns were used to
where the brackets I ] show the respective abbreviations of the solid determine the amount of perovskite phase present in each

solutions. The effects on supnression of the pyrochlore phase were composition. The ratio of relative intensities, /PERO and /PYRO' of

studied on the dielectric and electrostrictive properties. the (110) perovskite peak and the (222) pyrochlore peak.

('1131)NO t)-7803-0465-t)/92S3.(0) ©IEEE 140
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Fig. I X-ray diffraction patterns of La(NiI,2Tij/ 2 )0 3 (LNT),

La(Mgl/ 2Ti 1/2)0 3 (LMT) and LU(Co,/ 2Ti21 )0 3 (LCf) ceramics.
I I I

20 30 40 50 60 70 80

respectively, was used to yield the volume percentage of the 28 [dea]

pcrovskite phase as follows: Fip. 2 X-ray diffraction patterns of (I-x)Pb(Zn I, 3 Nb 2 /3 )0 3
Perovskite phase [%I =/PE-RO x 1X1 /(/i.PRo+lPYRo )Y (PZN) -x'La(Ni1 /2 Ti1 /2 )0 3 (LNT) [LNTI(Xlxj (LNT0, LNT3,

Figure 3 shows the volume percentage of the perovskite phase in LNT6 and LNTI0).

PZN-LNT, PZN-LMT and PZN-LCT systems as a function of the

mole percentage of modified LNT, LMT or LCT. The ratio of the 100

perovskite phase to the pyrochlore phase continuously increases as

the mole percentage up to 15 mol% of LNT, LMT or LCI" increases. , 80

For example, the perovskite ratio of LNT5 (x=0.05 in the PZN-

LNT system), with measured density ratios above 90 % to the X-ray

theoretical density, reaches 75 %. The rate of increase of the

perovskite phase was small for the amount of x over 0.05, and > LIT
finally reached 96 % at x=0.15 with a saturated trend. L 20 o

The reason why the perovskite phases increase as the I
increasing of the lanthanum perovskites is that elecrtonegativity 0
differences, AX=(XA.O+XB.O)/ 2 , of lanthanum perovskites are larger 0 5 10 15

than that of PZN, where XA-O is the elecrtonegativity difference x[,ol%]

between the A-site cation and oxygen, and XB-O the elecrtonegativity

difference between the B-site cations and oxygen, while tolerance Fig. 3 Volume ratio of perovskite phase as a function of the

factors, t =(rA+ro)/((rB+rO)N/2), of them are smaller than that of amount (x) of modified LNT, LMT or LCT.

PZN, where rA, rB and ro are the respective ionic radii. Both AX

and t are necessary to be larger for the perovskite structure. The

lattice constants determined by X-ray diffraction patterns decreased Temperature dependence of the reciprocal dielectric constant,

as the La content increased, because the ion radius of La 3 + was I/Es, of relaxor ferroelectrics usually obeys a special quadratic law

smaller than that of Pb 2 +. I /E. ("-T 0 )2,

3.2 Dielectricproperties where To is the temperature of maximum Es, instead of the normal

Figure 4 shows the temperature dependence of cs and tanb of ferroelectric Curie-Weiss law. Figure 5 shows temperature

LNT4, LNT5, LNT6, LNT7 and LNTIt at 10 kHz. The dependence of the 1/cs on the square of temperature in L.NT4, LNT5,

temperature, I0 , of maximum rs for the respective LNTI00x were LNT6, LNT7 and LNTIO ceramics measure,! at l0kHz, indicating to

50 °C, 33 °C, -5 -C,-1 I °C and -44 'C, respectively. The temperature obey the temperature-square's law.

of the rs peak depends on the amount of modified La ions. Similarly, Figure 6 shows temperature dependence of the Es and tanb in

the temperature of increasing-up-tanb shifted to lower temperature as LNT5 measured at 10kHz, 100kHz and 1MHz. The maximum of Es

La ions incr,tsed. was shifted to higher temperature as the measured frequency
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Fig. 4 Temperature dependence of dielectric constant, Es, and loss Fig. 6 Temperature dependence of es and tanb at 10kHz, 100kHz

tangent, tan5, in the (1-x)PZN-x-LNT [LNTI0Oxj (LNT4, and 1MHz in O.95PZN-0.O5LNT [LNT5I ceramics.

LNT5, LNT6, LNT7 and LNT1O) measured at 10kHz.

X 105 spontaneous polarization of LNT5 did not fall to zero over the

temperature range of the c, peak. The coercive force, Eo, and

LNT4 remanent polarization, Pr, were 3.4 kV/cm and 2.5 lLC/cm 2 at room
temperature in LNT5, respectively, whose values were smaller as

10 compared with those of piezoelectric PZT ceramics.
SLNTT 3.4 T.ectrostrictiveproperties

5 The transverse strain, St. induced by an applied electric field

LNT5 in the thickness direction, was measured at room temperature under a
LNT7 driving frequency of about 0.07 Hz. The strains of LNT5, LNT6,

at 10kHz LNT7 and LNT10, as a function of the applied electric field are

0 1 2 shown in Fig. 8. Negative values of the strain signify the direction of

0 1 2 shrink. The strain value, S1 =-0.30 and -0.75 x 10-4, in PZN-LNT5
(T-to)' "CC'] x to"

was obtained under the app,.-cl electric field, E3, of 20 and 30

Fig. 5 Temperature dependence of reciprocal dielectric constant, kV/cm, respectively. The calculated effective piezoelectric coefficient,
1/Es, on the square of temperature in LNT4, LNT5, LNT6, LNT7 d3 l, theoretically defined as bS1/6E 3, was -45 x 10-12 m/V at the

and LNTIO at 10kHz. epplied electric field of 20-30 kV/cm. The magnitude of strain in

LNT10 was small but the strain hysteresis was very small as

compared with that of LNT5 and LNT6, whose strain hysteresis

increased. An increase in frequency by one order of magnitude leads corresponded to the respective D-E hysteresis loops.

to a shift in the maxima by about 10 TG. These solid solutions which Figure 9 shows temperature dependence of the strain, St, at

consist of PZN and lanthanum perovskites as the end members seem 18 and 30 kV/cm in LNT5 and LNT6. The temperature coefficient of

to be a ferroelectric with disordered perovskite structure because of a strain, ASI/AT, were less than -1 %/*C.

typical case with a diffuse phase transition characterized by a broad

peak and a remarkable frequency dispersion in the temperature 4. Conclusions
dependence of the Es. Lanthanum perovskites, La(B 1 /2BH1

1/2)0 3 (BI=Ni, Co, Mg;

3.3 D-E hysteresis loop BII-.Ti) are used for the stabilizations to Pb(Znl/ 3Nb 2/3)0 3 (PZN)

Weak D-E hysteresis loops could be observed at room ceramics resulting in the perovskite structure. The modification of

temperature in some LNT100x system while the E, peak is seen around 10 mol% La(NiliTi21 )O3 (LNT), La(MgV/2Ti1/2)0 3 (LMT)

below room temperature. Figure 7 shows D-E hysteresis loops of or La(Co]1 2Til/2)O3 (LCT) are more effective. The ratios of the

LNT4, LNT5, LNT6, LNT7 and LNTIO at 10 *C, respectively. The perovskite phase to the pyrochlore phase of the PZN ceramics with
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DOMAIN ORIENTATION AND PIEZOELECTRIC PROPERTIES OF Ag DOPED PAN - PZT CERAMICS

K. V. Ramana Murty. S. Narayana Murty, 1. Chandra Mouli and A. Bhanumathi
Solid State Laboratories, Department of Physics

Andhra University, Waltair-530 003 INDIA

ABSTRACT

The hysteresis, dielectric and preparation of these ceramics is very

piezoelectric properties of the ternary 0.5 difficult due to the narrow sintering

PMN - 0.5 PZT ceramics with Ag substitution temperature range of PW and the fornetion

are described. These ceramics show good of pyrochlore phase of Pb 2 Nb 2 0 7. To avoid

square hysteresis loops and hence are the pyrochlore phase formation, a method is

promising for thin film mernory applications developed (6) in which the coulonbite

At high Ag concentrations the dielectric precursor of (MgNb 2 )0 6 is prepared fir.•.t

loss decreased indicating an increase in and then the precursor is mixed with PbO to

the ordering of the structure. There is prepare Pb(P-g1 1 3 Nb 2 1/3)03• Hence the

remarkable increase in the piezoelectric constituent materials are taken and the

properties particularly the thickness precursol is prepared first by calcining at

coupling factor Kt and the piezoelectric 700 0 C for 4 hrs. Then the other materials

charge coefficient, d 3 3 . are mixed with this jrecursEQ and the

usual procedure of calrination and

INTRODUCTION sintering is followed. The calcination and

The solid solution of the system PZT sintering condition for preparing the PM -
(Leadr nirconaitioTitanate) nearthethe 0

(Lead Zirconate Titanate) near the PZT ceramics are 950 C for 3 hrs and 1225 -
morphotropic phase boundary are widely used 1250 0 C for 4 brr. respectively.

in electronic devices (1,2) because of its The sintered pellets were polished and
exchellentepeezpelectricepropertses. Thd

excellent piezoelectric properties. The as fired silver paint was applied on both
ternary compound Pb(MgI/ 3 b2/ 3 )0 3  - the faces of the pellets for electrical

tb(zrIx Tix )O3 near the morphotropic phase contacts and fired at 500 0 C for 1 hr.

boundary (3) form a solid solution of the Poling: For piezolectric measurements and

perovskite structure and has high hysteresis behaviour the sintered pellets

dielectric constant and planar coupling were poled by applying high e]ectric fields

coefficients. The addition of transition of 20 KV/crn for 1 hr at elevat ed

metal oxides promotes densification. temperatures in silicon oil.

Higher planer ccupling coefficients are Hysteresis behaviour and microscopY.

reported (4) with the addition of NiO. The The hysteresis behaviour of th

rnorhotropi c phase boundary shifts (5) ceramic compositions is studied by using

towards the higher PbTiC03 content when Ba the modified Sawyer - Tower circit (7).

or Sr is added to the composition. The values of reranent and saturation

The hysteresis behaviour, dielectric po]arisation and coercive field are

and piezoelectric properties of the 0.5 PM - obtained from the hysteresis loops. The

0.5 PZT modified with Ag near the morpho- n~icroscopy studie, of the prepared ceiarri,;

tropic phase boundary are presented in this compositions is done by using Philips SEV.

paper. nmodel 520M. The grain size c€f the ceianic

EXPERIMENTAL PROCEDURE compositions is detter.,ined by linear

Sample preparation: intercept method.

The ceramic compositions were prepared Piezoelectric measurements:

from the high purity PbO, MgO, Nb 2 0 5 , TIO2' The pievc.electric couplirc

ZrO2  and Ag 2 0 of reagent grade. The coefficients of the ceramics sanples are

C 13•08(J--7803-0465-9/92$3.00c ©IEEE 144



determined by the resconance - antiresonance and milnimun, dielectric loss. P attains a
2 s

technique (8) using liP in•edence analy!.er maxinun value of 42 C/cm . This indicates

rrodel 41e2A. The piezoelectric coefficients that the orientation of domain. increases

n.easured are K p, Kt d33, d31 and c31" The with increasing Ag content.

coefficient cd is measured by using the

Berlincourt d133 meter.

The Curie temperature of the ceramic 05 PMN-O.5 PZT

compositions is determined from the peak of 6 48

dielectric constant vs temeperatuxe curve. -p

RESULTS AND DISCUSSION je

Because of the volatilization of PbO at Ec

high tenperaturc-s and the narrow sintering 4 32 Pr

range of PWN, it Js very difficult to obtain %

good ceramics in the PMN - PZT system. W 0

Using the coulonibite precursol method the i 0

following ceramic comTposition were prepared a.
2 1

and studied.

Pb 1 .xAg 2x (Mgl / 3 Nb2/ 3 ) 0.5(ZrO.55Ti 0.5)0.503

Whiere x = 0, 0.005, 0.010 and 0.015.

The density of the PHl - PZT ceramics

increases- with the introduction of Acin the 0 I 2 3

A sites of the perovskite type ternary Ag content(m0ole )/.

system. But with increase in Ag the density

remains almost the sane. Fig. 1 Variation of P , P5 and F with Ag

The SEV-s of the ceranic compositions content in 0.5 PMN - 0.5 PZT ceramics

revealed liquid phase at the grain

boundaries. Monovalent Ag substitution in

PMf - PZT ceramics promotes the giain

growth. The grain size increases slightly

in 0.5 PVN - 0.5 PZT with the introduction

of 1 mole % Ag and then decirases.

The hysteresis behaviour in the ternary

PN2 - PZT system is being reported for the

first time. In 0.4 PNP - 0.6 PZT

compositions hysteresis loop attains (9) Fig. 2. Hysteresis loop of Ag added 0.5 PMN-

saturation only for the 1 mole % Ag added 0.5 PZT.

composition. But for 0.5 PMN - 0.5 PZT, Most of this compositions show excellent

saturation is attained for the undoped square hysteresis loops (Fig.2). smaller

composition also. In this compositions coercive field and large renanent

Pr and Ps increase with increasing Ag polarisat i on. As such, these will be

content. There is -A slight increase in the promising for thin film nemory applications.

coercive field Fc. The variation of Pr' Ps With the introduction of Ag in 0.5 PMN-

and Ec with Ag content in 0.5 P344 - 0.5 PZT 0.5 PZT ceramics the room temperature

ceramics is shown in Fig.l. The conmposition dielectric constant increases and the ferro-

with " mole % Ag exhibits naximunm Pr and Ps electric Curie temperatures decreases and
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Fig. 3. Variation of dielectric constant of 8310
Ag doped 0.5 PMN - 0.5 PZT ceramics

the peak dielectric constant decreases. But 200

as the Ag ccncentration is Increased Tc

increased. The diee-.ctric constant vs 6

temperature curves (Fig. 3) shows

diffusiveness only for the I mole % Ag added T /

conpositIon. Surprisingly with increasing 100 d3"

Ag, the dielectric constant curves become

sharpt-r indicating an increase in the degree 2

of orderirg in the structure. 'n other

P!N - PZT systems also (9) only I sole % Ac,

composition exhibits diffusive nature. The 0 I 2 3

dielectric loss is also considerably lo~exed Ag content (mole%)

with Ag content. Similar behaviur weas

reported (10) in La doped PNV - PT. Fig. 4. Variation Cf piezoelectric

Maxitmu values of KP, Kt, d3., d33 end properties of Ag doped 0.5 PYN-0.5 PZT

g3 are cbta IncI in the 0.5 PRAN-0.5PZT ceramics

con,pcbItion with Ag substitution than in higher temperatures. Maxismn piezoelectric

other series (9). Th~e variatic-. of thrse coupling coefficients d 3 3 of 162.0 pC/N and

coefficients vitl, Ag content in the base 0.5
PNIN - 0.5 P7T is show in Fig. 4. Both the g 3 1 of 8.17 V - m/N are obtained for the I

.mole % Ag added compcsitions. But d 3 3
P t coefficients shcws an optinmum value of 302

values of 42.6 % and 32.5 % respe(tively for C/H for the 2 sole % Ag added composition.

the 1 mole IX Ag substituted composition. This Indicates that the Ag addition

The thickness coupling factors Kt is alnost facilitates increase of non 1800 dommins in

doubloc' 6ith introcduction of Pg in Pr.N-PZT. the 0.5 PM - 0.5 PZT conpcsitions.

Probably Pý- componsates for Fb losses at
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1. Ag may be compensating for the Pb losses

at higher temperatures. This is reflected

in the very low dielectric losses in Ag

substituted compositions.

2. P and P are maximised with Agr s

introduction In 0.5 PUN - 0.5 PZT ceramics.

3. Dielectric constant cuZves exhbhJt

diffusive nature on1yJrf 1 mole % Ag

substituted composition. The curves for

other concentrations are sharp, indicating

increased ordering in the structuie.

4. Introduction of Ag in PVM - PZT ceramics

leads to peak KP, Kt and d33 values.
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GRAIN SIZE EFFECT ON THE INDUCED PIEZOELEt-IRIC PROPER'lIES
OF 0.9PMN-0.1PT CERAMIC

S.F. Wang, U. Kumar, W. Htuebner$. P Marsh$$.
H. Kankul$$ amd C.G. Oakley$$$

Materials Research Laboratory. The Pennsylvania State University. Universit) Park. PA 168012
$ Department of Ceramic Engineering, University of Mossouri-Rolla. MO 65401
$$ Echo Ultrasound, R. D. 2, Box 118, Reedsville, PA 17084
$$$ Tetrad Corporation, 12741 E. Caley Ave., Engelwood, CO 80111

Abstract: Lead magnesium niobate (Pb(Mgp/3Nb 1/3)O 3 -PMN)- checked by comparing the XRD pattern with the JCPDS standard.
lead titanate (PbTiO 3 -PT) solid solutions are widely researched to The PMN-PT batches were prepared by calcining the appropriate

produce devices that can be used in low and high electric field mixture of PbO(Hammond. Pottstown, PA), MgNb20 6. and TiO2

applicationls. For some applications, such as medical ultrasonic (Whittake, Clark. and Daniel, South Plainfield, NJ) powders at
transducers, it is necessary to prepare the ceramic with high density 90O"C/Sh.in a closed alumina crucible. To vary the initial average
and small average grain size. This paper describes the effect of particle size, the calcined powder was subjected to the following
grain size on the low and high field properties of 0.90PMN-0.IOPT grinding schedule. First, the powder was wet ball milled in alcohol
ceramnics. To prepare highly dense ceramic, vibratory and attrition in a nalgene bottle with ZrO2 grinding media for 24h. After drying.
milled powders were sintered between I10)0-1250"C. The average a portion of the powder was vibratory milled(Sweco) for 24h. For
grain sizes of the sintered ceramics varied from 0.7 to 3.5 Rim. To vibratory milling, a 30 vol'O/ slurry was prepared with water and a
understand the grain size effect, dielectric. pyroelectric, few drops of Tamol 901 was used as a dispeisant. To minimize
electrostrictive, and induced piezoelectric properties were studied, contamination, small yittria stabilized ZrO2 spheres were used as

milling media. To increase the surface area further, a small portion
Introduction of the vibratory milled slurry was attrition milled(Reliance) for an

additional 24h. The ball milled, vibratory milled, and attrition
Relaxor ferroelectric materials are widely studied for their milled powders were named as batch A. B, and C. respectively.

dielectric. electrostrictive and induced piezoelectric properties. In the The ZrO-, contamination level, and the B.E.T. surface area of these
past decade, these materials were used in a variety of applications powders are listed in Table I.
ranging from multi-layer capacitors to ultrasonic transducers[ 1.21. The dried powder was granulated with 5 wt% of Dupont
Takeuchi et al.,121 investigated the effect of 0.90PMN-0.10PT 52W() binder in acetone media. After passing the mixture through a
ceramic for the medical imaging in the 1-3 configuration. Because i(8 mesh sieve. 1/2" dia disks were cold pressed in a steel die with
of the high operating frequency. the dimensions of the 'cylindrical' 30.000-35,(XX) psi uniaxial pressure. The binder from the disks was
ceramic posts are restricted to only a few tens of microns in all removed by a two stage heat treatment at 34(HrC/3h and then at
directions. To manufacture such posts reliably and reproducibly. it 500"C/5h. These pellets were sintered in a closed alumina crucible
is necessary to use high density ceramic with small grain size. at 1}(00-I 250(C/I -5h. A small amount of PbO-ZrO, mixture was

The grain size effect oti the low and high field properties of heated along with the pellets to control the lead oxide atmosphere
PMN-based ceramics has been investigated by several inside the crucible. All the sintered samples were annealed at
researchersl3-6J. In general. the properties degrade as the grain size 950*C/2h. to evaporate excess PhO. The weight losses during these
is reduced. For example. in 0.93PMN-0.07PT ceramic, the peak preparation stages were monitored accurately.
dielectric constant drops from 25.000 to 5000 when the average
grain size is reduced from 5 min to 0.3 jtmiSI. The size effects Characterization
observed in these ceramics were attributed to the extrinsic and
intrinsic effects such as pore volume. low-K grain boundary phase. The bulk densities of the sintered specimens %ere calculated
and micropolar domain densities. From the literature survey, it by measuring the weight change in Xylene. The grain size
appears that the properties of the fine grain ceramic can he improved Jistribution was analyzed from the microstructures of fractured and
by mninimizing the effect of extrinsic variables and by improving the polished surfaces. The microstructures were recorded using ISI-
homogeneity. DS 130 Secondary electron microscope.

In this paper. the effect of average grain size on the low and Detailed experimental descriptions of dielectric. pyroelectric,
high electric field properties of 0.90PMN-0.10PT ceramic is P-E hysteresis, and electrostrictive measurements can be found in
reported. Ceramics with average grain sizes ranging from 0.7 to 3.5 Ref.8. Dielectric measurements were made on gold sputtered discs
gm were prepared from vibratory and attrition milled powders.
Low field properties such as dielectric constant and high field
properties such as P-E hysteresis, pyroelectric, electrostrictive and a
few of the electric field induced resonance properties were
investigated as a function of grain size. Table I. Properties of Powder:

Exprimental AB C

Preparation impurity (wt%) 0.67 0.71 (.03

To prepare the ceramic powder, a coulumbite precursor B. E. 1T.(m 2 /gm)_ I
technique was adopted[7l. The magnesium niobate precursor was Surface Area 1.29 3ý17 15.46
prepared by calcining the appropriate mixture of MgO(J.T. Baker,
Phillipsburg, NJ) and Nb20 5 (Transelco, NJ) at 1000"C/5h and then ...
at 1100'C/5h. The completion of reaction and the phase purity were

CH3080-0-7803-0465-9/92$3.00 ©IEEE 148



w hile cooling iro,, l(,R'C to -I(H F(` at a rate of 2"C'!m ,, I'm , .14 ' to- .0" t t1D,

pyroelectric Imeasurements, the electrodled samples were )ooled
from 50"( to -75'C with an electiic field Of 10 KV/cm. After
neulralizing the surface charge. the pyroelectric current was 1-3 .
Miteasured by heating the specimen to 50TV at 4"C/(imh. For l'-E .
hysteresis and Irts~erse electFostficliVe measurements. an a • '.•A

tuimgular field of ± 10( kV/cm was applied at a frequeicy Of' 0 I., 41b

"The ti. ;utsverse straint measurements were mnade with a straini gauge
technique Byv dilterentiatiiig F vs, s- plots, -(II* values as a
lutut.iotn o( electric field were calculated.

AC itnpedmice mteasurements were perionmed ont citcular ' *

disk samples of t < 0I 1 mm with sputtered silver electrodes
Resonance cut ,es o, c.otductarace (C. attd resistance R oft ,",
Samples at various biases were recorded with an lIP 4194A
inpedat':e analyzer at 25*C. Series and parallel resonance
frequettcies ( mtid ft of thickniess resottance mode were used i ,) a
calculate 1c, with the equtitimi givetn in Ref.9t

Results mutd [DiscussiottC C

Physical Pr•, tfies

The density ;utd weight loss data of batc h B and hatch (C ig I [Iaktu tLied utll aces of C I muid (C7

samples are listed i Table 2. In general, samples sintered at lomer
temperalures shiw slightly higher dtensity due to liniiied grain
growth. Among the two batches, as the initial average parlikle size
of (C was lower, it sintered to comparatively higher densities. At 1able3. Dielectric Properties of the ceI•aitc
htighler sinterintg let mperaltjres, Is tite gra li growth Itechatisn• tts

domtnate, both batches sintered to sitilu detnsities. While batc•tig g.s Kmax Tmax lan 6 6
tie powders for calchmatitt ti entsure the comtpletion of reaction. Wt it V( at 251 ( )
1,.5 wt'.'7 excess Pb() was added But after sintering and annealing.
higher weight losses were observed (iable 2). As reported by Watg B2 I .1 1740)(t470 48 011582 40
mad Scultzl6J, our sample surfaces also showed a stnall numter of 13 1B 2 222511±1)50 46 I 0080 • 8
pyrochlore grains. Since the pyrochlore is lead deficient in nature, B4 1.3 2375(1+"720 46 0( 0718 14
excess P,() is evaporated while :miealing B35 I 7 2530(1(0±6((1 45 0 (0705 I

The polished and fractured microstructures or a few of the 136 2.2 2885(1--790 43 00(}12) 27
sintered sainples are reproduced in Fig. I. The itean average gtait B7 3.3 33(1M1±550 42 0.0i922

sizes for all the samples are listed with standard deviation in Table 2. -
('I 1 0.7 13911(0±3O0) 48 0(0474
('2 I .0 2080(Y(360 4 1 (00725 33
(`3 1.4 2 335(ý±510 42 0(0792 ;2
C4 1.5 247(W-420 42 00801 (2
('5 1.9 254510±811) 41 0011795 ;0)

Table 2. Physical Properties of the ceramic. (6 2.4 258(81H-720 41 0(0950 29
(77 3.6 274591±3(10 40 00891

Si. Tem.t wt. loss Density % Theo Ave.
"C/h % gm/cc g.s. (pln)l

BI I(0[)/I I 7.28±0.04 89.24
B2 10501/I 1.10 8.()-±0.02 98.06 1.1±0.2
B3 II00/I 1.10 7.99±0.01 97.94 1.2±0.3
B4 1150/1 I .11 7.98±+0.02 97.84 1.3±_0.3 4000()
B5 12(M)/I 1.16 7.96±0.03 97.57 1.7±0.5 -

B6 12501/ 1.20 7.90±0.012 96.84 2.2±01.8
B7 12501/5 1.32 7.83±0.03 95.98 3.3±1.3 2

-i - -00x)/i -3 0._5 7.709 8±0 6.7.08 ±06.7 2 3000()
(C2 105011I 0.99 8.00±0.03 98.08 1.01±0.31).
C3 11 ()/I 1.03 7.99±0.112 97.94 1.4±41.4
C4 1150/I1 1.06 7.98±11.012 97.82 1.5±0.5
C 5 12()/II 1.02 7.94±10.02 97.33 1.9±10.6 L
C6 12501/I 1.13 7.88±0.03 96.59 2A4±0.8 " 2()0()
C7 1250/5 1.29 7.80-±0.03 96.51 3.6±1.8

() I 2 3 4
(;rain Size itilt

Fig.2. Eftfect tf average grain size on K .. Te (ltlt,.Tic tt i diottstint
was cotutpensated for portosity with Weiter's rule
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Low Electric Field Properties 0.3

The relevant dielectric properties are conpaied in Table • 2 C3

At lea~st four samples were used to calculate the percentage change I
in the dielectric constant. The maximum dielectric constant ,K,,,,,), 3 C43I/

after compensating for porosity with Weiner's equationl 101. is 0.2 4 4 C 5
ploted in Fig.2. as a function of average grain size. Comparatiely,
the K,. of the samples from series B. changes as a strong function *C

of grain size. In both batches. K,,, reduces drastically when the 6 C7
grain size is < I Vmin. 1 0.1

High Electric Field Properties

The effect of grain size on the P vs. T behavior is compared 0.0
in Fig. 3 and 4. To plot these figures. the polarization was calculated -50 -25 0 25 50
from the pyroelectric current. In relaxor ferroelectric materials, P "renperature ('C)
vs..T behavior below the pyroelectric depolarization temperature. T"e&e
reflects the degree of cohesiveness among macrodomains. Below
Td if the macrodomains are highly stable. AP with respect to AT Fig.4. Polarization vs. Temperature behavior of batch C samples
will be small. When the material is heated, the stable
macrodomains will convert into microdomains. over a narrow
temperature interval around Td. In our investigation, the samples
sintered at higher temperatures show these behaviors very clearly,. 600
When the sintering temperature is reduced, increasingly large
changes in P with respect to temperature is observed below T&d 50)
More over. in these samples the macrodotnains transform into
microdomains over a wider temperature around Td. Careful _ 40)
analysis of P vs. T behavior points out the importance of proper
processing. In series C samples. as the grains were grown from 300
finer particles, the grain size effect is minimized.

The induced polarization and the transverse sliain 0 2
characteristics of the fine grain samples from both atches show B2
degradation of properties. This observation is clearly demonstrated 111 B5
by plotting -d3 1* vs. E field, as a function of grain size (Fig. 5 and 100(B6
6). These measuretnents were made at 25"C. When the grain size is 7
above 3 lan, a maximum -adI* of about 500 pC/N is observed. 0
When the grain size is reduced, the magnitude of nmaximum -d I * 0 4000 8(00" 12000
reduces with an increase in the corresponding electric field. E Field (V/CM)

The piezoelectric thickness coupling coefficients calculated
from the resonance curves observed at different d.c. biases are
plotted in Fig. 7 and 8. These measurementts were made at 25'C Fig.5. Effective transverse piezoelectric d coefficients of batch B
with increasing bias voltages. In both batches. coarse grained samnples: calculated fiom electrostriction data.
saniples showed increased coupling at lower electric fields. The
absolute values of coupling coefficients also increased as the grain
size is increased.

600

0.30.2 .. . .2 5(00
SI B3

B3 Z 400
- -i3 B4

0.2 A4 5 6 30B4S3 6 4 B5 300

5 B6 200
- 6 B7 200
S0.1 100 C3

, . . . . . . . . .0 3000 6000 9(XX) 1"20000.0

-50 -25 0 25 50 E Field (V/CM)

Temperature (TC)
Fig.6. Effective transverse piezoelectric d coefficients of batch C

Fig.3. Polarization vs. Temperature behavior of batch B smniples. samples: calculated from electrostriction data.
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0.6
Conclusion

0.5
In this paper. the dielectric. pyroelectric. electrostrictive. and

0.4 the induced piezoelectric properties of 0 9OPMN-(l 101Y terantii
are comtpared as a funcijito of gramn size (.ompatatis els samnples

-~ prepared fronit coarse particle compact show higher giant 'Ye
0.3 dependance When the average grain size is around 3 5 Pin.

B2 ~irrespective ol the initial pus% der characteristics, the ceramtic h~
0.2 simiilar high electric tield properties Through transv erse stiramo

A B5 measurements, a high -d I* oft 500 pC/N at a d L bias of 4;44H)

0. 1 - B7 V/cmn is ohser-ved When the samples were prepared from %erN fine
11 powders, the mtagnitudes otf d A I*. and K, teduces* ontls

00o . moderately as the grain size is reduced to 1 5 lnin Sinve the eftekt

0 2000 4000 6000X OO) 8WO (KK) of extrinisic variables such as dettsit and the grain houndarv phase

E. Field (V/cm) are Tiniunized through careful preparation, the observed graitn size

Fig.7. Thickness coupling coefficients of' hatch B samples' at
different d, S)ias fields: calculated front resonance curves.
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E, IECTIVE ELECTROMECHANICAL PROPERTIES OF SOME
Pb(Mgl/3Nb2I3)03-PbTiO3-(Ba,Sr)TiO3 CERAMICS

S. M. Pilgrim, A. E. Bailey, M. Massuda, J. D. Prodey, and A. F. Sutherland
Martin Marietta Laboratories, 1450 South Rolling Road, Baltimore, MD 21227

Although such desirable properties have been
reported in the literature for a wide variety of Pb-based

Abstract-- A number of Pb(MgI/3Nb2/3)03-based systems 17,81, the materials have not been put to
materials were characterized to determine the widespread, practical use. Practical application is
effects of temperature on their induced strain complicated by the relaxor nature (frequency
and hysteresis properties. Simultaneous dependence) of the materials and the field dependence of
determination of the transverse and longitudinal their properties. Applications have generally been
properties allows the calculation of both an limited by the lack of a) an engineering database, b)
effective Poisson ratio and an effective commercial production, c) fundamental understanding of
hydrostatic d coefficient. One composition process/property relationships, and d) predictivc
showed significant variation in the effective capability 191.
Poisson ratio (0.28 to 0.40) across the Previous work demonstrated the promise and
temperature interval 0 to 40'C. The large, initial potential of the materials I10,111, and highlighted
effective hydrostatic coefficients (up to 300 the importance of the relationship between the induced
pC/N) combined with the high permittivity of the transverse and longitudinal strains as the material goes
materials provide potential for ise as a through its phase transition.
hydrostatic sensor.

II. Experimental Procedure
I. Introduction

Physical and Weak-field Properties
This paper addresses the effective piezoelectric

properties of PMN-X (lead magnesium niobate solid Three compositions (Table 1) were processed using
solutions with lead titanate (PT) and either barium a columbite precursor synthesis method 16.12.131.
titanate (BT) or strontium titanate (ST)) as an enabling Specifically, the method uses CFC-I 13 as the milling
material for various electromechanical applications. In agent, ball milling as the mixing and grinding method,
essence, the PMN-X materials are electrostrictors that and commercially available raw materials (AVX Corp.).
provide higher output from a given volume or given All starting powders, pressing steps, calcining and
output from a smaller volume than conventional sintering schedules were as previously described [111.
piezoelectrics. Like all electrostrictors, the PMN-X
materials show a quadratic dependence of strain on TABLE I

SAMPLE NAMES AND COMPOSITIONSelectric field and have "Curie" temperatures (Tmax) Name Composition
below the use temperature, where Tmax is defined as the $250075 0.975(0.925PMN-0.075PT)-0.025ST
temperature of maximum relative permittivity, Kmax. B 50075 0.975(0.925PMN-0.075PT)-0.t25BT
They have minimal remanent polarization and therefore B5(00100 0.95(0.90PMN-0.0OPT)-0.05BT
do not exhibit piezoelectric creep, long-term depoling, or
permanent property change from temperature excursions The compositions were prepared in 50-g batches
(<-600'C). The electrostrictive ceramics described in and, after both calcining and sintering, were assessed for
this report are chemically and physically similar to the perovskite phase purity by x-ray diffractometry (XRD).
Pb-based materials which are in commercial use for Pellets, nominally 11 mm in diameter and 2-mm thick, of
multilayer capacitors and to the conventional lead each composition were uniaxiaily pressed (20 MPa),
zirconate-titanate, lead titanate, and piezoelectric PMN isopressed (200 MPa). and sintered (3 h at I 185'C with a
ceramics in use by the Navy [1,2,3,4]. They are dense sacrificial Pb source). All samples were 100% perovskite
(p=-8.0 g/cm 3 ), but prone to mechanical failure in within the detection limits -- primary pyrochlore peak at
tension. However, they combine the modulus of 29.25' entirely absent. The sample dimensions were
conventional ceramics with a very large induced strain measured before sintering, after sintering. and after
(usable values of >600 microstrain) and low hysteresis polishing with 1000 grit SiC paper to determine weight
[5,61. loss, volume shrinkage and density (see Table II).
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TABLE 11 25
PHYSICAL PROPERTIES OF COMPOSITIONS 350 25

Sample Weight Loss Shrinkage DensiiI Mi.oaaai HyaQ.w
% ) Volume (%) (scr) Z 300-

S207 .200 6._1. 7.77±0.0 4 ----- 5oHz -- A-O--2
Si7---1--- 20 Hz ---- 20

S250075 1.27+0 Ir.6 7.77±0.9I250 7---0-- 10Hz --- --

B 5010 09+0 1 31I.2_+.4 7.67±+0.0 -) o
,,- 15uJc 2002

The weight loss and the volume shrinkage are X W v
typcalfo thsematerials. The densities of the materials W 5 0n

are high -- approximately 95c% of the basic theoretical er0
density of 8.1l5 g/cm 3 . W i W

---A -- •0 Hz

00

After the physical measurements were taken, the z10 4samples were electroded with sputtered gold and fire-on u

silver. Weak-field measurements of dielectric loss and C- 50 ,

permittivity at 1 kHz (Table Ill) were used as an initialscreening of the material over a temperature range from 0 0

-50d C to y 0°C and frequencies of: 0.1, 1, 10 and 100 -30-20-10 0 10 20 30 40 50 60

kHz jllAf. These measurements, for both increasing and TEMPEthATURE )
decreasing temperature ramps. showed no dielectric

aging and typical relaxor frequency dispersion [ 1, 11. Fig. I. Typical induced transverse strain and hysteresis curves for the
B250075 material at I MV/m as a function of temperature.

TABLE Ill
WEAK-FIELD ELECTRICAL PROPERTIES Since electromechanical materials are used in both

Sample Tma,, (SC) Krni @ Losstangent the transverse (d31) and longitudinal (d33) strain modes.
Tmax @ Tmax induced strain and hysteresis for both modes are needed

M250075 11.1 I2267M 0.048 to fully characterize the material behavior. Simultaneous
B25(W 75 12.6 22249 0.0464 testing allows measurement or calculation of the:
IB500)00 20.5 18164 7.0455

All data from the decreasing temperature ramps. -Ratio between transverse and longitudinal strain
(effective d3t/d33, the effective Poisson ratio) across

Temperature Dependence of Effective Piezoelectric d31 each material's transition temperature, under identical

and d33 at Large AC Amplitude environmental conditions, as a function of AC field

-Relation of electtical loss (hysteresis) in the

Basic high-field properties, transverse strain and transverse and longitudinal modes
induced polarization, were collected under AC drive -Effective hydrostatic d coefficients for prediction of

fields of 0-1.0 MV/m (DC bias of 0.5 MV/m), at passive performance in real environments.
frequencies between I and 300 Hz across the temperature
interval -25 to 60'C. All measurements were done using The test set-up is shown schematically in Fig. 2. Pellets

an integrating capacitor or piezoresistive strain gages of each material were bonded to insulating Macor blocks

[10,111. These measurements served as a baseline for the using Humiseal insulating varnish. Strain gages were

more innovative measurements of induced transverse and mounted to the ground surface for measurement of

longitudinal strains as functions of temperature. As listed transverse strain (effective d3 1 ). An aluminum button

in Table IV and illustrated in Fig. 1, the compositions was mounted over the strain gage as a target for the

were primarily electrostrictive across the entire longitudinal strain measurement. A Kaman displacement
temperature range of measurement. Figure 1 also shows sensor (Kaman Instruments) was mounted a small

the effect of frequency and temperature on the induced distance from the aluminum target, The sensor

transverse strain and hysteresis as a function of determines longitudinal displacement (effective d33) by

temperature for selected frequencies. measuring eddy currents in the button induced by a small
constant magnetic field from the sensor. The magnitude

TABLE IV of the eddy current changes as a function of the distance
HIGH-FIELD ELECTROMECHAN1CAL PROPERTIES between the target and the sensor, which varies as theI• mi,,Transverse IPolarization

0Composition c) Microstrain (mC/m2 ) pellet expands, Measurements were done at various

$250075 11.1 1 96 1=T8 temperatures in a Delta Design environmental chamber

B25(X)75 12.6 117 157 ] in order to characterize each material as a function of

B5(W)(X) 20.1 116 143 temperature.

Tmaij @ I kHz, transverse strain and peak polarization @ 100 Hz
with a drive field of 0 to 1.0 MV/m taken at 25'C.
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S f~iNGAG Z- LONGITUDINAL HYSTERES

100 - TRANSVERSE HYSTERESIS 15
MICROMETER MACOR BLOGK 900

aLONGITUDINAL STRAI
KAMAN SE800 AI

S z 700 * TRANSVERSE STRAIN LI

aa-10(L
S500 LU

O 400 >_
PELLET I X

ALUMINUM TARGET 3 5 w

200
100>

Fig. 2. Apparatus ormeasuring transverse an ongitudinal strains. 049

The peak strains and average hysteresis for 1.0 0 5 10 15 20 25 30 35 40
MV/m cycles are shown as functions of temperature in TEMPERATURE (CC)
Figs. 3 through 5 for representative pellets from each Fig. 5. Induced strain and hysteresis for the B50(JIO() composition.
composition. The increase in strain and hysteresis as the As expected, the materials with the lower transitiontemperature is lowered is ascribed to increased temperatures, S250075 and B250075, yielded lowerpiezoelectric contributions to the total strain [8,11]. transverse strains for a given temperature. Each

N H composition maintained a low hysteresis; however, theSLONGITUDINAL HYSTERESIS $250075 showed no clear trend with temperature. The
- TRANSVERSE HYSTERESIS minimum hysteresis level (- 2%) is attributed to noise1000 15 during data acquisition. The S250075 and B250075

900 * * LONGITUDINAL STRAIN materials yielded nearly identical transverse strains across
800 - - TRANSVERSE STRAIN . the given temperature range, but the BT-doped material8 yielded higher longitudinal strains as the temperatureS700 10 decreased. The B500100 material yielded similar-600 , longitudinal strains and hysteresis as the B250075600 a. material, but with higher transverse strains.

0 CtLt.t of the ratio of peak trns,,cisc to
I40a longitadinal strain gives an indication of the effective
S300 < Poisson ratio of the material (Fig. 6). NB this can be200 CC. >0.5 since the strains are large and the volume is not

100 ... > necessarily constant across the entire temperature range.100.. -< The d31/d33 ratio was relatively constant for the BT-
0 .... 0 doped material and the lowest of the compositions

0 5 10 15 20 25 30 35 40 (-0.28). However, the ratio increased to values over 0.4
TEMPERATURE (°C) at lower temperatures for the ST-doped material. ThisFig. 3. Induced strain and hysteresis for the S25(X)75composition. change in ratic is not correlated with the high-fieldtransition [141; however, similar behavior has been noted

LONGITUDINAL HYSTERESIS previously in another ST-doped PMN 1151. The B500100
material had the largest d31/d 33 ratio.

1000 - TRANSVERSE HYSTERESIS 15 0.5

900 a * LONGITUDINAL STRAIN
800 a - - TRANSVERSE STRAIN (b 0.4z 700 4 0 t ý

10 W

S600 W '00.31• , • "9.0.3
500 a, L>
400 0.30 5 -w, o.2

UU200 I.B

100 > - S250075
0I 

.. ... I.05 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
TEMPERATURE (°C) TEMPERATURE (-C)

Fig. 4. Induced strain and hysteresis for the B250075 composition. Fig. 6. Ratio of transverse to longitudinal induced strain.
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Material performance under real, hydrostatic, Rfrne
conditions was estimated from strain values for possible
sensor applications. The effective hydrostatic d III L, E. Cross, "Ferroelectrc Ceramnics- -Tailoring Propertes for
coefficients shown in Figure 9 were calculated fromt the Specific Applications, in Final Report for N00014-89-J-1689

lar AC-ieldtrasvere an lonituinalstrans uingcovering FebruarN 1991 to Ja Inuary, 1992 The Materials
lag9 Chl rnvreadlniuia tan sn Research Laiboraiors, The Pennsy lvania State University, 1992.

the equation [21 Piezoelectric Ceramics, EDO Corp.. Western Division, EWC
02742 8806 IUM. S-It I 'ske City, UiT.

dh = d13 - 2d3l Eqn 1. [31 Piezoe'lectric Ceramic for Sonar Transducers (Hydrophones and
Projectors), MIL-STD 1376AkSHt. 20 December 1988.

141 B. Jaffe, W.R. Cook Jr., and 11. Jaffe. Piezoelectric Ceramics,
In general, dh value~s increase somewhat at lower New York, NY: Academic Press,. 197 1.
temperatures except for the S250075 material. Note the [51 L. E. Cross. 'Relaxor ferroelectrics.' l'erroelectrics. '.ol. 76.

hydrstaic dvales a mch geatr thn tosep p. 241.267. 1987.hydrstaic dvales ae mch geatr thn tose 161 S. MI. Pilgrim. MI. Mas~suda. and A. P. Ratter. 'Electrostinctors,
comme~ily found in conventional piez~oelectric materials for Active Sonar - F-inal Repori covering Oc-tober 19K9 to
and ar, accompanied by larger permittivities 12,3,4j. January 1991 N00014-89-C-21357,' Martin Marietta

Laboratories MML TR 91-7c, January 199 1.
171 Lindolt-Hornstemn Group Ill CDýstjl and Solid State Phýsics.

400 ______ Volume 16a: Oxides, Eds. K.-l. 11ellwege and A. NI.
-- 8250075 lfells~cge. New York, NY: Spronger- Verlag. 198).

Z 8 K. Lchino, "Flectrostrictive Actuators: Materials and
B500 Applications.' Ceramics Bulletin., vol. 65, pp. 647-656, 1986.

&30 [ 91 "Deformable Mirror Aciuators for Rapid Retargeting, WL-T'IR-
SS250075 89-20 DTIC," Alexandria, VA: Defense Technical Informiation

10 Center, 1989.
04 1101 S. M. Pilgrim, MI. Massuda, and A. E. Sutherland.AJm 200 S505"Development of Advanced Active Sonar Materials and Trheir

V Microstructure-Property Relations N62 190-91- M-0322," Martin
W ~Marietta Laboratories MIML TR 91-33L, June 1991.

P [1l1 S. M. Pilgrim, A. E. Bailey, M. Massuda. J. D. ProdeN, and
U 100 A. E. Sutherland, 'Development of Advanced Active ,Sonar

LL ~Materials and Their Microstructuare -Property Relations N6("X) 1 -
Li. 91-C-6012," Martin Mlarietta Laboratories MML TR 92-2c,
LU

0 January 1992.
0 5 0 1 20 25 0 3 401121 A. E. Sutherland, S. M. Pilgrim, A. E. Bailey, and S. R.
0 5 0 1520 2 30 5 40Winzer, "Dielectric Aging of Doped PMN-PT Ceramics," in

TEMPERATURE (0 )Ceramic Transactions Vol, 15 American Ceramic Society:
Westerville, OH, 1990. pp. 105-27.

Fig. 7. Effective hydrostatic piezoelectrc coefficients. [131 S. L. Swartz and T. S. Shrout, "Fabrication of Perovckire Le-id
Mlagnesium Niobate," Materials Research Bulletin. vol. 17. pp.

Ill. Conclusion 1245-50. 1982.
1141 S. M. Pilgrim, M. Massuda, and A. E. Sutherland,

Al opstosshowed hg-ilpretes "Electromechanical Determination of the Hligh-field Phase
Allcomosiion hih-feldproertes Transition of Ph(Nlgtp-Nb-g)/3)-PbTio3-(BaSr)TiO3 Re~axorconsistent with weak-field properties reported previously Ferroelect-ics," Journal of the American Ceramics Society, vol.

for relaxor ferroelectrics. In particular, the frequency 71, 1992.
dependence of the electromechanical properties was [1,51 Private communication. K. A. Rittenmeyer. NRLAJSRD,
typical--both strain and polarization decreased with Orlando. FL.

increasing frequency. Trhe induced transverse and
longitudinal strains tracked with one another across the
temperature interval as did the associated hystereses. The
ratio of the induced strains was different for each
composition and showed temperature dlependence in the
S250075 composition. Calculation of the effective
hydrostatic d coefficient of the materials suggested that
PMN-X materials have application as high11-sensitivity
hydrostatic sensors.
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THE EFFECT OF PHOTO-REFRACTIVELY INDUCED PERIODIC STRAIN
GRATING ON PIEZOELECTRIC VIBRATION IN LiNb0 3:Fc

Michio OHKI, Nobuyuki TANIGUCHI and Tadashi SHIOSAKI
Department of Electronics, Faculty of Engineering,

Kyoto University, Sakyo-ku Kyoto, 606

Abstract Experimental Methods

Strong nonlinear behavior was observed in a LiNbO 3:Fe piezo- A y-cut plate of LiNbO3 :Fe is used as the sample. Two coher-
electric resonator with a photorefractive periodic grating. The ent light waves are incident into the sample, as illustrated in Fig.1.
resonator is a y-cut plate with Au electrodes totally or partial- Interference of two coherent optical waves yields fringes which
ly deposited on both faces. The current-voltage and the admit- cause excitation and diffusion of carriers that form a spatial charge
tance-frequency characteristics show nonlinear behavior such as distribution, so the PR grating is written in the c-direction of the
hysteresis only near the resonance frequency. In some conditions, crystal, as illustrated in Fig.2. The sample is rectangular, 7.185mm
the current changes negatively with the voltage. These character- (x)x 1.511mm(y)x 4.029mm(z). The length of the sample in the x-
istics depend on the Q-value of the resonator. The present non- direction is larger than the width in the z-direction. The light wave
linear phenomena do not occur when the Q-value is too large, is s-polarization, that is, the electric field is in the x-direction, of
while they occur at larger values of Q in usual resonators. We an Ar* laser whose wavelength Xis 5 14.4nm. The ratio of 11 to 12 is
found that the Q-value of the resonator with the photorefractive 1:1, and the diameter of the beam is about 20mm. larger than the
grating varied when the resonator was annealed or when the period sample. The period of the PR grating A can be changed by chang-
of the grating was changed. ing the angle 0 in Fig.1. In our experiment, the value of A is select-

ed to be ab'ut 1!ira and 3.9pm. After the PR grating is written,
Introduction whole Au electrodes are deposited on the Y -planes, and 1) the

frequency characteristics of admittance, 2) the current-voltage (I-
The application of the photorefractive (PR) effect to holography P) characteristics, and 3) the spectral analysis of harmonic genera-

and optical processing has developed in recent years.' This effect tion are respectively measured near the resonance frequencies of
is the phenomenon in which the refractive index of an electrooptic the following mn modes where m denotes the direction of electric
crystal varies according to the incidence of visible rays. Interfer- field and n denotes the strain S.: 1) the 21-coupling, length-
ence of two coherent optical waves yields fringes which cause extensional mode, 2) the 24-coupling, thickness-shear mode, and
excitation and diffusion of carriers that form a spatial charge dis- 3) the 22-coupling, thickness-extensional mode,as illustrated in
tribution. The variation of the refractive index is caused by the Fig.3. In the vibration of 21-mode, the displacement not only in
internal electric field from the charge distribution through the the x-direction but also in the z-direction exists in the case of this
Pockels effect. The application to acoustics has also developed; an sample. Concerning the 21-mode, the measurement is made in the
acoustic wave is filtered by the periodic variation of the acoustic case of not only whole electrodes but also partial ones, 2mm(x)
velocity that is caused by the periodic internal electric field.2 In xlmm(z).
this paper, we describe the influence of the PR effect on acoustic
vibration, especially piezoelectric vibration, from a new point of • A
view. A piezoelectric resonator made of LiNbO1 :Fe with the PR
grating is examined as the sample. We view electromechanical
characteristics near the resonance frequencies of the modes of
vibration.

Z, C Fig.2. The sinusoidal charge distribution written in the c-direction.

y

12

crys tal 2 24
!he 21 -cmioping tPECIY eSS s-,ear mncoe

Fig.l. The configuration of the sample to which two coherent light length-extension ai mode
waves are incident and for which the PR grating is written in the Fig.3. The modes of piezoelectric vibration in v-cut plate of
c-direction. LiNbOl.

('It31X30.0- 7X83-0-65-9/9253.tX, IEEE 156



The optical diffractive grating can be erased after annealing at
200'C for lh. This is well known in the field of optics. Therfore,
we perform the similar measurement as above after ann,,aling to 0 25
compare with the characteristics before annealing. A virgin y-cut
plate, on which the PR grating has not been written, is prepared to A,
examine the intrinsic characteristics of LiNbO3:Fe".I

In measuring the frequency characteristics of admittance, we I- -r - -

also note the variation of 1) the Q-value of the resonance, 2) the B
resonance frequency a., and 3) the existence of the nonlinear jump i

phenomena, due to annealing. E 0

Results and Discussion

Table I shows the variation of Q and oj after the annealing in the T- "
21-mode for two values of A and two kinds of electrodes. We -0.25 I I

find that the rate of the variation is larger when the electrodes are 0 0.5
partial or when the value of A is larger. G(mS)

When the Q-value is very small, for example, about 2000 in
the sample before annealing with the partial electrodes and the Fig.4. Nonlinear jump phenomenon observed in the admittance
grating of A= 3.9gtm, we observe the nonlinear jump phenomenon circle near the resonance frequency of the 21-mode.
of an admittance circle, as shown in Fig.4. Although the LiNbO 3:
Fe resonator without the PR grating shows an intrinsically weak
nonlinear jump phenomenon, the sample with the PR grating
shows the phenomenon at phase angles other than that of the
former. After annealing of the sample, the Q-value increased
tenfold to about 20000, and the nonlinear jump phenomenon 6
disappeared. The usual nonlinear effect, :ntrinsic to the LiNbO 3:Fe
resonator, must be enhanced when the Q-value increases because
the higher orders of strain become more effective. Therefore, the E
nonlinear phenomena observed here for the sample with the PR I- 4

zgrating are unusual and due to a completely different mechanism. twJ
On the other hand, in the case of the sample with the whole cc

electrodes and the grating of A=3.9gim, although the nonlinear :
jump phenomenon did not appear before annealing, the phenome- . 2

non appeared and the Q-value decreased after annealing. This
suggests the existence of the PR grating after annealing. On the
other hand, the optical Bragg diffraction did not occur after anneal-
ing, so the PR grating is considered to disappear. These two facts 0 0.1 0.2 0.3 0.4
are seemingly not consistent with each other, The grating seems to VOLTAGE (V)
partially remain even after annealing. The thermal energy seems
too low to erase the PR grating completely. The nonlinear phe-
nomena are confirmed by the I- V characteristics or the harmonic
generation, as well as by the admittance characteristics. Figure 5(a) 8
shows the I-V characteristics of the sample with the whole elec-

I--
Table 1. The variation of the Q-value and the resonance frequency z

R of the 21-mode after annealing. The simbols "N", "I" and "D" Cc 4
denote no significant change, an increase and decrease, respective-
ly. The value in parentheses shows the variation numerically. .

A llttm 3.9gsm

Electrodes

Whole (j N 1(0.05%) 0 0.1 0.2 0.3
Q N(10000I15000) D(2(X)00 -. 56X)) VOLTAGE (V)

Partial o(R 1(0.025%) i().05%) Fig.5. (a) The I-V characteristics of the sample with the PR grat-
Q 1(2600-)- 17(X0)) 1(2000 -- 20000) ing at the resonance frequency of the 21-mode. (b) The intrinsic

I-V characteristics at the resonance frequency of the 21 -mode.
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trodes and the grating of A=lpm after annealing, and Fig.5(b)
shows the intrinsic characteristics of LiNbO 3:Fe for comparison.
In Fig.5(a), we observe hysteresis and the marked variation of the
gradient dl/dV. The gradient becomes negative in some range of 8
the voltage. On the other hand, the weak nonlinearity in Fig.5(b) is
caused by the large Q-value of the resonator, and is the usual
effect. The harmonic generation was also observed in both sam- <
ples. Not only odd harmonics but also even ones were observed. E 6

Table 11 shows the variation of Q and wR after the annealing in Z
the 24- and 22-modes. Only the whole electrodes are used. The w4

value of w in the 22-mode shows a tendency to decrease after
annealing. This feature is different from the results in other modes. 0
Another influence of the PR grating on the piezoelectric vibration 2
is greater in the 22-mode than in other modes. The nonlinear jump
phenomenon from the PR grating was observed in the 24-mode as
well as in the 21-mode, but not in the 22-mode.

The I-V characteristics in the 24-mode for the sample with the 0 0.1 0.2 0.3
grating of A=lIgm before annealing, in Fig.6, show marked hyster- VOLTAGE (V)
esis and a negative gradient, as in the 21-mode. On the other hand,
the intrinsic characteristics in the 24-mode show little hysteresis Fig.6. The l- V characteristics of the sample with the PR grating at
and no negative gradient. the resonance frequency of the 24-mode.

The I-V characteristics in the 22-mode for the sample with the
grating of A=lpm before annealing, in Fig.7(a), show hysteresis,
but similar hysteresis is also observed in the intrinsic characteris- 8
tics in the 22-mode, as in Fig.7(b). Hence, we cannot conclude at
present the influence of the PR grating on the nonlinear phenome-
na in the 22-mode, even though the Q-value in the 22-mode was
influenced by the PR grating. On the other hand, in the 21- and 6
24-modes, we can conclude the influence of the PR grating on the
nonlinear phenomena, involving the low Q-value.

We also find that the variation of toR after annealing has nothing
to do with that of Q. The variation of o)R probably has to do with W

that of the stiffness of the nonlinear spring. r
Finally, we consider the mechanism of the generation of the o

nonlinearity. The PR grating is made of a sinusoidal charge distri- 2
bution as in Fig.2. If the charges at a distance of A/2 vibrate in an
in-phase state as in Fig.8(a), the vibration is still linear. But, if
they vibrate in an antiphase state as in Fig.8(b) for some reason,
the nonlinearity could be caused by Coulomb's force between the 0 0.1 0.2 0.3 0.4

neighboring charges. The inherent nonlinearity could be also VOLTAGE (V)
enhanced by the antiphase vibration. The antiphase vibration could
be caused by the interaction between the periodic internal electric
field caused by the periodic charge distribution and the polarization
that resulted from the piezoelectric effect when the external electric
field was applied, that is, the polarized charges accompanied with
the piezoelectric vibration could be strained periodically by the

E4-
I-

Table 11. The variation of the Q -value and the resonance frequency cc
Sof the 24- and 22-mode after annealing.r-

WR ofte2- ad2- eatranaig

The notations used are the same as in Table 1. 2-.

A I 1Am 3.91im
Modes

24 a) R N 0(0.08%) 0.2 0.4 0.6 0.8
Q N(4000 - 3(XX)) N(13(I --X 21(1i) VOLTAGE (V)

"22 N D(0.15%) Fig.7. (a) The1- 1- characteristics of the sample with the PR grat-
Q N(48X)- 55(W)) 1(3(X) -- 34(X)) ing at the resonance frequency of the 22-mode. (h) The intrinsic

I- V characteristics at the resonance frequency of the 22-mode.
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internal electric field accompanied with the PR grating. The de- those in the 21- and 24-modes could be explained by this model.
crease of Q-value and the negative dl/dV could be caused by a In the 21- and 24-modes, the displacement exists in the z-direc-
shift of energy from the in-phase vibration to the antiphase one. If tion, the direction of the PR grating. On the other hand, in the
the displacement become larger, involving the increase of the Q- 22-mode, a clamp exists in the z-direction, so the mechanism
value or the external electric field, the in-phase vibration inherent mentioned above is not be applied, because the nonlinearity
in the piezoelectric one could predominate, so the nonlinearity explained by this model requires the displacement in the direc-
could disappear. tion that has both the piezoelectricity and the PR grating, the

The difference of the characteristics in the 22-mode from z-direction, in this case.
The influence of the type of electrodes on the experimental

results might be explained as follows. Charges on the electrodes
involved with the piezoelectric vibration may influence the vibra-
tion state of the positive and the negative charges in the crystal

directly, so the charasteristics could change according to the type
of electrodes.

Conclusion

1) The PR grating written in the piezoelectric resonator (LiNbO 3
:Fe) causes the nonlinear acoustic vibration.
2) This phenomenon disappears when the Q-value is too large.
The mechanism is different from that of the usual nonlinear vibra-
tion.
3) This phenomenon is marked in the case of the 21- and 24-
coupling, while it is not clear in the case of the 22-coupling.
4) The PR grating seems to partially remain even after annealing.
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Fig.8. (a) Charges at a distance of A/2 vibrate in an in-phase state. lnc.,Orlando,1991) 4th ed.,Chaps. 17 and 18
(b) Charges at a distance of A/2 vibrate in an antiphase state. 2) D.E.Oates and J.Y.Pan: Ferroelectronics 92 (1989) 253.
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FABRICATION OF PIEZOELECTRIC CERAMIC/POLYMER
COMPOSITES BY INJECTION MOLDING.

Leslie J. Bowen and Kenneth W. French,
Materials Systems Inc.

53 Hillcrest Road, Concord, MA 01742

Abstract found wide acceptance in the medical ultrasound
industry for manufacturing high frequency transducers

Research at the Materials Research Laboratory, [21. More recently, Fiber Materials Corp. has
Pennsylvania State University has demonstrated the demonstrated the applicability of its weaving
potential for improving hydrophone performance using technology for fiber-reinforced composites to the
piezoelectric ceramic/polymer composites. As part of assembly of piezoelectric composites [31. Another
an ONR-funded initiative to develop cost-effective exploratory technique involves replicating porous
manufacturing technology for these composites, fabrics having the appropriate connectivity [4].
Materials Systems is pursuing an injection molding
ceramic fabrication approach. This paper briefly For extremely fine scale composites, fibers
overviews key features of the ceramic injection molding having diametews in the order of 25 to 100 Vm and
process, then describes the approach and methodology aspect ratios in excess of five are required to meet
being used to fabricate PZT ceramic/polymer device performance objectives. As a result, these
composites. Properties and applications of injection difficulties are compounded by the additional challenge
molded PZT ceramics are compared with conventionally of forming and handling extremely fine fibers in large
processed material. quantities without defects. Recently, researchers at

Siemens Corp. have shown that very fine scale
Introduction composites can be produced by a fugitive mold

technique. However, this method requires fabricating a
Piezoelectric ceramic/polymer composites offer new mold for every part [5].

design versatility and performance advantages over
both single phase ceramic and polymer piezoelectric This paper describes a new approach to
materials in both sensing and actuating applications. piezoelectric composite fabrication, viz: Ceramic
These composites have found use in high resolution injection molding. Ceramic injection molding is a cost-
medical ultrasound as well as developmental Navy effective fabrication approach for both Navy
applications. Many composite configurations have piezoelectric ceramic/polymer composites and for the
been constructed and evaluated on a laboratory scale fabrication of ultrafine scale piezoelectric composites,
over the past thirteen years. One of the most such as those required for high frequency medicai
successful combinations, designated 1-3 composite in ultrasound and nondestructive evaluation. The
Newnham's notation [11, has a one-dimensionally injection molding process overcomes the difficulty of
connected ceramic phase (PZT fibers) contained within assembling oriented ceramic fibers into composite
a three-dimensionally connected organic polymer phase. transducers by net-shape preforming ceramic fiber
Hydrophone figures of merit for this composite can be arrays. Aside from this advantage, the process makes
made over 10,000 times greater than those of solid possible the construction of composite transducers
PZT ceramic by appropriately selecting the phase having more complex ceramic element geometries than
characteristics and composite structure. those previously envisioned, leading to greater design

flexibility for improved acoustic impedance matching
The Penn State composites were fabricated [1] and lateral mode cancellation.

by hand-aligning extruded PZT ceramic rods in a jig and
encapsulating in epoxy resin, followed by slicing to the Process Description
appropriate thickness and poling the ceramic. Aside
from demonstrating the performance advantages of this Injection molding is widely used in the plastics
material, the Penn State woik highlighted the industry as a means for rapid mass production of
difficulties involved in fabricating 1-3 composites on a complex shapes at low cost. Its application to
large scale, or even for prototype purposes. These are: ceramics has been most successful for small cross-

section shapes, e.g. thread guides, and large, complex
1) The requirement to align and support large shapes which do not require sintering to high density,

numbers of PZT fibers during encapsulation such as turbine blade casting inserts. More recently,

the process has been investigated as a production

2) The high incidence of dielectric breakdown technology for heat-engine turbine components [6,7].

during poling arising from the significant The injection molding process used for PZT
probability of encountering one or more molding is shown schematically in Figure 1. By
defective fibers in a typical large array. injecting a hot thermoplastic mixture of ceramic powder

and organic binder into a cooled mold, complex shapes
Over the past five years several attempts have can be formed with the ease and rapidity normally

been made to simplify the assembly process for 1-3 associated with plastics molding. Precautions, such as
transducers with the intention of improving hard-facing the metal contact surfaces, are important
manufacturing viability and lowering the material cost. to minimize metallic contamination from the
Early attempts involved dicing solid blocks of PZT compounding and molding machinery. For ceramics, the
ceramic into the desired configuration and back-filling binder must be removed nondestructively, necessitating
the spaces with a polymer phase. This technique has high solids loading, careful control of the binder removal
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Figure 2: Preform Approach to Composite Fabrication.

In practice, material and molding parameters must
be optimized and integrated with injection molding tool

Figure 1: Injection Molding Process Route. design to realize intact preform ejection after molding.
Key parameters include: PZT/binder ratio, PZT element

process, and proper fixturing. Once the binder is diameter and taper, PZT base thickness, tool surface
removed, the subsequent firing, poling and epoxy finish, and the molded part ejection mechanism design.
encapsulation processes are similar to those used for In order to evaluate these process parameters without
conventional PZT/polymer composites 11]. Thus, the incurring excessive tool cost, a tool design having only
process offers the following advantages over two rows of 19 PZT elements each has been adopted
alternative fabrication routes: Complex, near net-shape for experimental purposes. Each row contains elements
capability for handling many fibers simultaneously; rapid having three taper angles (0, 1 and 2 degrees) and two
throughput (typically seconds per part); compatibility diameters (0.5 and 1mm). To accommodate molding
with statistical process control; low material waste; shrinkage, the size of the preform is maintained at
flexibility with respect to transducer design (allows 5Ox5Omm to minimize the possibility of shearing off the
variation in PZT element spacing and shape); and low outermost fibers during the cooling portion of the
cost in moderate to high volumes. In general, because molding cycle.
of the high initial tooling cost, the ceramics injection
molding process is best applied to complex-shaped
components which require low cost in high volumes.

Composite Fabrication and Evaluation

The approach taken to fabricate 1-3
piezoelectric composites is shown in Figure 2a, which
illustrates a PZT ceramic preform concept in which fiber
positioning is achieved using a co-molded integral
ceramic base. After polymer encapsulation the ceramic
base is removed by grinding. Aside from easing the
handling of many fibers, this preform approach allows
broad latitude in the selection of piezoelectric ceramic
element geometry for composite performance
optimization. Tool design is important for successful
injection molding of piezoelectric composites. The
approach shown in Figure 2b uses shaped tool inserts
to allow changes in part design without incurring
excessive retooling costs. Figure 2c shows how
ind~vidual preforms wre configured to form larger arrays. Figure 3: Injection Molded 1-3 Composite Preforms.
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Figure 3 shows green ceramic preforms
fabricated using this tool configuration. Note that all V
of the PZT elements ejected intact after molding,
including those having no longitudinal tapering to
facilitate ejection. Slow heating in air has been found
to be a suitable method for organic binder removal.
Finally, the burned-out preforms are sintered in a PbO-
rich atmosphere to 97-98% of the theoretical density.
No problems have been encountered with controlling
the weight loss during sintering of these composite
preforms, even for those fine-scale, high-surface areaA
preforms which are intended for high frequency
ultrasound.

"Figure 5: Fine-scale 2-2 Composite formod by Near Net-
shape Molding (Upper Micrograph). As sintered Surface

. .. .. (Lower Micrograph).

In order to demonstrate the lay-up approach for
composite fabrication, composites of approximately 10
volume percent PZT-5H* fibers and Spurrs epoxy resin
were fabricated by epoxy encapsulating laid-up pairs of
injection molded and sintered fiber rows followed by
grinding away the PZT ceramic stock used to mold the
compJsite preform. Figure 6 shows composite samples

Figure 4: Scanning Electron Microgiaphs of As-molded made from freshly-compounded PZT/binder mixture and

(Upper) and As-sintered (Lower) Surfaces of PZT Fibers. from reused material. Recycling of the compounded
and molded material appears to be entirely feasible and

Figure 4 illustrates the surfaces of as-molded and results in greatly enhanced material utilization.
as-sintered fibers, showing the presence of shallow fold Table 1 compares the piezoelectric and dielectric
lines approximately 1Oim wide, which are properties of injection molded PZT ceramic specimens
characteristic of the injection molding process. The with thuse reported for pressed PZT-5H samples
fibers exhibit minor grooving along their length due to prepared by the powder manufacturer. When the
ejection from the tool. Figure 5 shows the capability of sintering conditions are optimized for the PZT-5H
near net-shape molding for fabricating very fine scale formulat'on, the piezoelectric and dielectric properties
preforms; PZT element dimensions only 30pm wide are comparable for both materials. Since the donor-
have been demonst;ated. The as-sintered surface of doped PZT-5H formulat,or, is expected to be particularly
these elements indicates that the PZT ceramic sensitive to iron contamiration from the injection
microstructure is dense and uniform, consisting of molding equipment, the implication of these
equiaxed grains 2-3pm in diameter. measurements is that such contamination is negligible

in this injection molded PZT material.

*Powder supplied by Morgan Matroc, Inc., Bedford,
Ohio; Lot 105A.
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Table 1: Properties of Injection Molded Piezoelectric [2] C. Nakaya et al, IEEE Ultrasonics

Ceramics.* Symposium Proc., Oct. 16-18, 1985, p
634.

Specimen Relative Dielectric d33

Type Permittivity Loss (l1kHz) (pC/N) [31 S. D. Darrah et al, "Large Area
Piezoelectric Composites," Proc. of the
ADPA Conference on Active Materials and

Die-Pressed 3584 0.018 745 Structures, Alexandria, Virginia, Nov. 4-8,
1991, Ed. G. Knowles, Institute of Physics

Inj. Molded" 3588 0.018 755 Publishing, pp 139-142.

*#,oged 24 hours before measurement. [41 A. Safari and D. J. Waller, "Fine Scale PZT

-*Poling conditions: 2.4kV/mm, 60 C, 2 minutes. Fiber/Polymer Composites," presented at
the ADPA Conference on Active Materials
and Structures, Alexandria, Virginia, Nov.
4-8, 1991.

[51 U. Bast, D. Cramer and A. Wolff, "A New
Technique for the Production of
Piezoelectric Composites with 1-3

Connectivity," Proc. of the 7th CIMTEC,
Montecatini, Italy, June 24-30, 1990, Ed.
P, Vincenzini, Elsevier, pp 2005-2015.

[61 G. Bandyopadhyay and K. W. French,
"Fabrication of Near-net Shape Silicon

2...:. ,. 4 Nitride Parts for Engine Application,"

LRAtORY APPAKATS fURNITUR ------- J. Eng. for Gas Turbines And Power, 108,

scIENTIFIC 1NSRUMENTS & CHEMICALS pp 536-539, 1986.

CM 2 2 [7] J. Greim et al, "Injection Molded Sintered
Turbocharger Rotors," Proc. 3rd. Int. Symp.

on Ceramic Materials and Components for
Heat Engines, Las Vegas, Nev., pp. 1365-

Figure 6: Injection Molded PZT Fiber/Epoxy Resin 1375, Amer. Cer. Soc. 1989.

Composites prepared by the Preform Lay-up Method.

Summary

Ceramic injection molding has been shown to be
a viable process for fabricatir.. both PZT ceramics and
piezoelectric ceramic/polymer transducers. The

electrical properties of injection molded PZT ceramics
are comparable with those prepared by conventional
powder pressing, with no evidence of deleterious
effects from metallic contamination arising from
contact with the compounding and molding equipment.
By using ceramic injection molding to fabricate
composite preforms, and then laying up the preforms to
form larger composite arrays, an approach has been

demonstrated for net-shape manufacturing of
piezoelecric composite transducers in large quantities.
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PIEZOELECTRIC BIMORPHS WITH QUADRATIC BEHAVIOR USING
BIASED ZnO ON Si3 N 4

Jan G. Smits and Wai-shing Choi
Department of Electrical Engineering, Boston University

44 Cummington Street, Boston MA,02215

ABSTRACT tered again on the wafer and patterned in ZnO etch,
and then we deposited Cr-Au on top of the ZnO. After

Piesoelectric bimorphs have been made by sput- this the wafer was covered with photoresist and a win-
tering ZnO on Si3N 4 . The ZnO was sandwiched be- dow in the resist was made to open a moat around the
tween Cr/Au electrodes. Bimorphs of 1688 and 2980 cantilever beam. This moat was ued to etch through
p•m long were produced. the Si&N4 in HF and stop at the sacrificial ZnO. Then

the wafer was immersed in a ZnO etchbath and the
sacrificial layer was etched. At that moment we had a
cantilever beam which was 1860p long and 300p wide.

Piesoelectric bimorphs are useful tools in many in-
struments; a listing of many of their applications has EXPERIMENTAL RESULTS
been given in [I]. Currently the most useful bimorpha
are the ones made of PZT ceramics, because of the We have measured the deflection of the bimorphs
large values of d5 l. A drawback of these devices is by applying voltages on their electrodes and found that
that the minimum thickness is quite large, around 250 it is described mostly by a large quadratic term and a
to 300 microns, which makes it unsuitable for use in in- small linear term, which is the piesoelectric effect. The
tegrated circuit techniques, as it is impossible to grind deflections are quite large; 6 V on the bimorph gives
the thickness of the PZT down to a few microns. For deflections of the tip of around I mm. Considering
this reason it is imperative that we look for thin de- that the whole length of the bimorph is only 2 mm, we
posited films which are piesoelectric. Quite a number conclude that these deflections are very large indeed.
of researchers have shown considerable progress toward Three effects are known to produce a quadratic
making thin film PZT material, but there still are prob- behavior: 1) Electrostriction 2) Joule heating 3)
lems with the d4, value, [2,3,4]. We have been working Maxwell Stress compression.
on ZnO on Si or SisN 4 cantilevers, and although the
d51 is much lower than that of PZT, it may still be a
quite interesting combination, because some other ef-
fects are showing up, which create a large deflection 200
at even modest voltages. Other authors have made al- . . .
most similar devices, not completely identical, but do 0.
not report large deflections, [5]. -

-200

FABRICATION OF THE DEVICES -400 C

We started with cleaned 3 inch diameter (100) -6oo
wafers. They were oxidised to a thickness of 0.5prm.
Windows with dimensions of 500 by 2000 p were pat- -00 M-
terned in the oxide by etching in HF. On top of the t
oxide we sputtered ZnO which was to be used later -1000

as a sacrificial layer. The ZnO was patterned to fit
in the oxide windows. Then Si3N 4 film was sputtered -2
over the entire wafer, Cr-Au electrodes were evaporat- - -4 -2
ed and positioned in a lift-off process; ZnO was sput-
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Of these we can eliminate the electrostriction, be- term E1 4 is the piesoelectric term, and the compara-
cause the sign of effect is wrong. The beams should ble part is the piesoelectric contribution dsxV, which
bend up with any voltage, while ours bend down, can be compared with the thermal contribution AuA6.

The Maxwell Stress compression is due to the force With a voltage difference of I Volt and a piezoelec-
exerted by the electrodes on each other, which squeezes tric coefficient of 5x10-1' the piesoelectric term is

the material from underneath the electrodes. However, 5 x 10-12. With a difference between the expansion co-
this effect is around 4 orders of magnitude too small efficients ZnO and SiaN 4 of3 x 10' and a temperature
to cause these large deflections. change of I*C, the thermal contribution is 3x 10-6.

The only explanation for the large deflections re- Hence the thermal contribution is 6 orders of magni-
mains in the thermal expansion of some of the materi- tude larger than the piesoelectric contribution. Be-
als due to Joule heating of the film. cause the thermsal conduction to the environment is

In order to verify the deflection of the bimorph not completely known, we don't know what the tem-

when it actually behaves as a bimetallic, we set up the perature is , but a few degrees change is very likely
equations governing a bimetallic, and used these to ex- during a cycle and this could easily take care of this
pand the equations of heterogeneous bimorphs, which large deflection.
we have published elsewhere. [6]. Using M, F,p, V as
generalised forces 7 (they are the moment on a beam,
the force on the beam, the pressure on the beam, and FREQUENCY DEPENDENCE

the voltage on the electrodes) and ab, V, Q as gener- We have measured the frequency dependence of
alised displacements V, ( the rotation at the tip, the the tip deflection of the bimorphs, as shown in figure
deflection, the volume displacement, and the charge 2, in which the deflection is plotted for various biasimg

on the electrodes,) we can write th" matrix equation voltages. It is observed that the deflection increases
connecting them as with biasing voltage, as was to be expected from the

D =- E (1) static deflection measurements.

The matrix E is a four by four matrix containing the
material constants and dimensions of the elements that
make up the bimorph . If we allow the temperature to
play a role in the deflection of the bimorph , we must.........................

create a fifth column in the matrix, while we also need a
fifth row in the matrix to account for the dependence

of the entropy as a function of all of the mentioned
variables. We use the following variables: a is entropy,_, s ", , :
0 is temperature, a is the thermal expansion coeffi- "

cient, Ac is the difference between the expansions of ' A
top and bottom.( not to be confused with the tip ro- • * .. ,0
tation for which we also use a), V3 is the pyroelectric .

coefficient, p and c are specific mass and specific heat, a a '-
C = ppc + psics,. G = Lwhsih,. •

Now with this we can write the fifth column (to . '8
save space) of the constitutive equations when the de- ,
vice is stress free assembled at zero Kelvin, (a factor
A is assumed as is indicated in [71: r

V~ K

Q 93sLw

(2)
As can be seen from equation (2) the deflection is pro-
portionaM to the temperature. For comparison, the
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It is also observed that the deflection curve start- REFERENCES
s to bend down at around 10 Hs, which we attribute I J.G.Smits, Susan 1. Dalke, Thomas K. Cooney.
to air damping; this occurs long before the resonance The Constituent Equations of Piesoelectric
peaks of first resonance. Further, it is observed that Bimorphs. Sensors and Actuators, Vol. 28 1991
without bias, the "true" resonance occurs at 142 Hs, pp.41-61.

but due to the quadratic behavior of the bimorph the 2 M. Okyuyama, Y. Haimakawa, Ferroelectric
first subharmonic is also observed at half of"true" res- PbTiOs Thin films and their application. Int. J
onance, 71 Hs. Another interesting observation is that Engng. Sci. Vol 29, pp391-400 1991.
the resonance frequencies are subject to the bias volt- 3 M.Okyama, Y. Hamakawa, Si- Monolithic Minis-
age. The bimorph seems to stiffen under increasing ture Ultrasonic Sensor Using PbTiOs Thin Film
bias voltage. A plot of the resonance frequency ver- Prepared on a Si or SiO2 Cantilever. Sensors and
sus bias voltage is given in figure 3. This effect poses Materials, Vol 1 (1988) pp. 14-24.
a problem, for which we have no direct answer. If 4 M.Sayer, Piesoelectric Thin Films Devices, Pre-
the large deflections are partially due to Joule heat- sented at the IEEE Ultrasonics '91 Symposium.
ing, then the effect of heating the material would be December 8-11,1991.
to soften all elastic constants which would lead to a 5 F.R.Blom, D.J.Yntema, F.C.M.Van De Pol,

lowerng of the resonance frequencies. Here we see the M.Elwenspoek, J.h.J.Fluitman, and J.A.Popma,
opposite. The phenomenological treatment of this ef- Thin-Film ZnO as Micromechanical Actuator at
fect would be to include a field dependent term in the Low Frequencies. Abstract of Transducers '89.

elastic constant. This would change the normal elastic 5th International Conference on Solid-State Sen-
part of the piesoelectric equations to sors and Actuators and Eurosensors 11, June 25-

30, 1989, Montreux, Switserland, p.1
2

1.

Si = sr (I + -Es)T 1 + d3 1 E3 (3) 6 Shiv R. Joshi, Nonlinear Constitutive Relations

for Piesoelectric Materials. Abstracts Active Ma-
This requires the presence of a term IzatTEsT? in the terials and Adaptive Structures Symposium, page
thermodynamic potential of which SI is the derivative 87, November 4-8 1991, Alexandria, VA.
with respect to TI. The thermodynamic potential is 7 Jan OSmitand Wai-shingChoi, The Constituent
not known a priori, it is not the Gibbs function be- Equations of Piesoelectric Heterogeneous Bimorphs.
cause that is only valid with constant temperature. Let IEEE Transactions on Ultrasonics, Ferroelectrics
us call it X. From (3) we can conclude that the elastic and Frequency Control, Vol. 38, 1991, pp 256
part of X, X., should be: 270.

. 1 T" + T 4 1-yE3Tj +ds1 E3Tt (4)

The dielectric part of X, Xj has no unusual features,
so it will Just be:

5 )T E (5)

For the total thermodynamic potential we find that it I
should be: =.-X = X., + Xdi AS",

1 ETV + -E3','2 + d31 E 3 T 1 + jTE' (6)

The dielectric part of the constitutive equations will I

now be A- or:

D3= •-ayT + d31T1 + (7)

The term containing -v describes the elastostriction ef-
fect (6J.
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DOMAIN WALL MOTION IN PIEZOELECTRIC MATERIALS
UNDER HIGH STRESS

S. Sherrit, D.B. Van Nice, J.T. Graham,
B.K. Mukheijee, H.D. Wiederick

Royal Military College of Canada, Kingston, Ontario,CANADA

ABSTRACT
r----- ELectr etrov•r

We have investigated the time dependence of PZT

(Navy I and III) to a high stress applied parallel -

to the poling axis. The time dependence was found

to be linear in In(t), with slope activated in Insdater --

temperature with an activation energy of 0.29 eV- -___

0.32eV for the the Navy I material and 0.62 eV- 0.80 DVAI

eV for the Navy III material. The slope was also

found to be linear in stress. We have postulated T-"IIo2 ,

that this time dependence is due to reorientation of -7
the 900 domains in the sample. L

INTRODUCTION

Figure 1. Schematic of the apparatus used to measure

The increase in use of ferroelectric actuators voltage, stress curves.

for stable microposition and high stress

applications ,2,3, has led to renewed interest in measured using a Keithly 619 electrometer which has
5,6

ferroelectric hysteresis and domain wall effects. a 200 TO input impedance. The sample is isolated

Typically for an ideal actuator material one would from the apparatus using two 2 cm thick lucite

like a response that is rate Independent and linear disks. The force (Y output on tensometer) is

in the electric or stress fields. However, for most monitored using a Keithly 199 Digital Nultimeter/

common materials the piezoelectric response is not Scanner. The sample temperature is set using a heat

linear at high fields7 and the response of the lamp and the temperature is measured using a

material is found to be dependent on the rate of chromel-alumel thermocouple. The rate of
8

application of the field8. In this paper we application of the stress is controlled by a series

describe an apparatus we have developed to test the of Belleville washers mechanically in series with

piezoelectric response of Navy I and Navy III PZT at the sample. In order to produce a step function in

high stress. stress the Belleville washers are removed.

It is important to note that this experimental

EXPERINENTAL setup has a time constant of the order of a 104- 10S

seconds and that surface contamination of the

The apparatus is shown in Figure 1. A insulating ucite blocks can affect the measurement

piezoelectric voltage is induced across a 0.5 pF by reducing the time constant and care should be

capacitor (General Radio, RDC- 1012 0) in parallel taken to counter this. It should also be noted that

with the sample by compressing (T up to 50 MPa) a although the stress Is applied parallel to the

disk shaped sampleof PZT in a Monsanto tensometer direction of poling -he strain field in the I and 2

converted to allow for compression. The voltage directions can be produce substantial stress in the

across the sample and shunt capacitor is plan due to traction at the surface of the disk.
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RESULTS ramp rate is 2.0 MPa/s. This was accomplished by

putting two Belleville washers with different spring

The initial impetus for this research was to constants in series and straining the combination at

measure d33 as a function of the ramped stress T by a constant rate. As can be seen in Figure 2 there

noting that exists both a time dependent and nonlinear behavior.
d dD _dQcdV

d3 d dF d •, (1) The time dependence is seen in the hysteresis and

where D,Q,C,V are the dielectric displacement, change in slope of the V vs T curve as the ramp rate

charge, total capacitance of the sample and shunt in force changes at 10 •Pa. The time dependence is

capacitor and voltage respectively. The Force F is accentuated in the plot of d33 vs stress shown in

equal to the product of the disk area and stress. Figure 3. As can be seen an abrupt change occurs as

the stress ramp rate changes. If the hysteresis

were due to leakage current in the electrometer or30 I

shunt capacitor one would expect that the voltage

25 ramping down in stress would be lower than the

"voltage ramping up in stress; however the opposite

0 20 is true, which suggests that the ramp rate in stress

15 was too fast to allow the piezoelectric to respond.

t In order to investigate the time response the

-0 10 Belleville washers were removed and a 51 MPa step

was applied to the sample in a few seconds. The
S5 piezoelectric voltage was monitored as a function of

0 time for up to 104 seconds. The results are shown in

0 12 25 37 50 62 Figure 4. As can be seen in the figure the voltage

Stress (MPa) response of the PZT sample is linear in logarithmic

Figure 2. Voltage stress curve for a Navy I sample. time at low times and as the time approaches 1000

seconds the RC decay of the apparatus begins to

dominate. The data were found to fit a function ,f
1600

the form

V = [V + mln(t)]e(-t/RC) (21Z 1200 °

U •where V is the intercept of the voltage axis, RC is

8 500 the time constant of the apparatus, and m is the

slope of the curve at t < 500 s. It should be noted

400 that the maximum voltage is smaller for the data in

Figure 4 compared to Figure 2 even though this is

0

I l I I 12

-12 0 12 25 37 50 62

Stress (MPa) 10

dVB0
Figure 3. d = Y as a function of the 0

33= CdF
compressive stress. o

6

The curve in Figure 2 shows the voltage as a 0 4

function of the stress as the stress is increased to

51 MPa and then decreased back to the starting 2

stress for a Navy I PZT sample produced by B.M

Hi-Tech of CollingwoodOnt. A force of 20 kN 0
1 10 100 1000 10000100000

corresponds to a stress of about 51 KPa for this Time (s)

sample. The ramp rate in stress at low stress (T < Figure 4. The time dependence of a stress aged Navy

10 MPa) is about 0.2 MPa/s. At higher force the I sample at high stress.
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the same sample and the same force was applied. Arrhenius equation of the form

mo (-Ea/KT)
The decrease in voltage is due to stress aging. m = T e (3)

If the sample was left at high stress (50 Ipa) for where Ea is the activation energy and mo is a

sufficient time ( >105 seconds] a significant pre-exponential factor. The data and fit to the

decrease in the voltage occurred, which stabilized data using equation (3) are shown in Figure 6 for a

at about 45% its initial value. It was also noted Navy I ;nd Navy III sample. As can be seen from the

that the aging time decreased as the temperature was figure the fit is good at least over the limited

increased. Samples that initially showed clean temperature range between 250 C and 70' C. The

radial resonances displayed many sideband resonances activation energy of the Navy I sample was

after stress aging. determined to be 0.29 eV The experiment was

The voltage time plots at three different repeated for another Navy I sample from a different

temperatures are shown in Figure 5. As can be seen batch and the activation energy was found to be 0.32

from the curves the slope m is seen to increase with eV The activation energy for the Navy III sample

was determined to be 0.62 eV, however we have

12 measured activation energies as high as 0.80 eV for

other Navy III samples.

10 •The slope of the ln(t) time response is plotted

as a function of the applied stress in Figure 7 for
0 a Navy I sample. The slope is found to be linear in

o Y0

8 stress up to 42 MPa. We have monitored the stress

0 o ,relaxation of the apparatus with and without the

0 4 sample present and found that when the PZT sample is

present the stress relaxation is increased. This

2 result and the slow time response that we have

measured suggests that the time dependent

01 10 100 1000 10000 100000 piezoelectric response is associated with the domain

Time (a) motion of 900 domains. The slow response and

Figure 5. The time dependence of a stress aged Navy activation with temperature is thought to be

I sample at various temperatures. associated with the rearrangement of the atoms as

the domains flip 90 degrees.

increasing temperature which suggested that the It is interesting to note that this logarithmic

domain wall motion causing this time dependence was time response is responsible for the dispersion in

thermally activated. We fit the data using an the piezoelectric constant at low frequencies. If

8 6 I 0.15 , , , I ,• Es 0.29 ev

3~ ~~~Nv 1aayII ••oo SI-.0.10 0

0

0.0028 0.0030 0.0032 0.0034 10 15 20 25 30 35 40 45

1/T (K-1) Pressure (MPa)

Figure 6. An arrhenius plot of In(mT) vs i/T for Figure 7. The slope m as a function of the applied

Navy I and III materials. The quantity mT is in VK. stress for a Navy I sample.
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a slowly varying AC stress is applied to the sample dependence at high electric field.

at about 0.10 Hz only domain wall motion that can

keep pace with the changing stress will contribute

to the measured signal. As the frequency is ACKNOWLEDGEKENTS

decreased more domains have time to re-align and the The authors gratefully acknowledge the

response is larger. This suggests that when making financial assistance of an ARP grant awarded by

direct measurements of the piezoelectric response at CRAD, Department of National Defence, CANADA.

high fields the time dependence can become

significant and the measurement is likely to display
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Figure 8. The capacitance of the sample at I

kHz as a function of temperature. The various

curves are; a) prior to stress, b) stressed at 53

MPa, and c) immediately after stress is released.

These results also suggest that part of the

ferroelectric hysteresis found in D-E curves can be

attributed to the time responce of the piezoelectric

ceramic under high field and experiments are

currently being set up to investigate the time
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DOMAIN INVESTIGATIONS: A SELECT REVIE'

Jan Fousek
Institute of Physics, Czechoslovak Acad.Sci., Na Slovance 2,

18040 Prague 8

Abstract. Practically all macroscopic properties of possible subsequent time changes. A concentrated hunt
ferroelectrics are extensively influenced by their for ferroelectric memories terminated around 1960,
domiain structures though the mechanisms involved vary. though with little success. Optically addressed
First we survey the role of domains, whether of advan- memories based on domain processes in bismuth titanate
tage or detrimental, in practical devices. Following is and PLZT came next. Discovery of coupled ferroelectri-
a brief review of recent progress in selected areas of city and ferroelasticity in gadolinium molybdate led
research: role of ferroelasticity in the forwiwtion of to constructing ingenious devices based on single
domain structures (2D and 3D constraints), domain wall dcmain wall behaviour rather than on statistical pro-
conditioned permittivity, high field dielectric res- cesses. The recent wave of interest originates in the
ponse of ferroelectric lock-in phases. Finally several development of thin film memories and perhaps also in
topical subjects promi sing interesting prospects are several other practical aspects to be mentioned later.
mentioned. Table 1 gives a simplified overview surveying major

application efforts. Letters in the 1st column specify
1. Introduction. Domain phenomena in applications the role of domains. In A domains reduce tigures of

merit or result in increased noise of the device. In
The investigations of domains in ferroelectric, contrast, in the B category the device function relies

ferroelastic and in ferroic materials in general have completely on the presence of static domain structure
become an extensive field of research. A series of or on domain switching. In the case C domains may im-

specialized conferences has been established to provide prove the function (enhanced SHG in periodic domain
a forum for researchers in this area: the first textures, domain fixing of holograms). It is rather
International Symposium on Domains in Ferroelectric and interesting that in the area where ferroelectrics
Related Materials was held in 1989 at Volgograd, the became unbeatable, i.e. in piezoelectric ceramics,
second took recently olace at N;-"es. The Proceedings dcmains play a tw-fold contravening role: we despe-
/'1,2/ as well as previous special issues of Ferroelec- rately need them for poling and after that they
trics on domain structures /3/' give a good insight into become highly unwanted; this is the box D. In the last
the manifold activities in the studies of domains and column, + indicates commercial availability of the
domain-conditioned phenomena. In the Soviet Union, device. For domain-oriented researchers, its presence
another series of meetings was originated on ferroelas at switching elements is a new and stimulating fact.
tic materials. A good deal of phenomena in ferroelas- All these categories put specific requirements on
tics are connected with domains and thus the Proceed- domain behaviour. They range from mastering poling
ings serve as an invaluable source of information /4/. processes and stability cou single dcmain states (A),
Sane aspects are treated in the recently published book over wall motion with well defined threshold and no
of Salje /5/. time degradation (part of B), formation of retunable

Consider a standars (poly)crystalline dielectric regular textures (parts of B and C) up to blocking
sample such as TiO2 forming the heart of a device. domain walls to reduce their linear response (D). In
External forces such as electric field and mechanical what follows we give a short review of recent progress
stress (whether static or in form of a wave) result in
modifications of its properties which may be directly

measured e.g. by its dielectric response or sensed by
probes, e.g. by a laser beam. These modifications are 1. Tensonai properties of -
described by tensorial properties (electromechanical, domains,depending or,
photoelastic, etc.) which are tabulated in textbooks of IL.. _
crystal physics. All one needs to know is the symmetry aomain states and volumes _ _ _

of the sample and the geometry of the setup. If, <A >-0
however, in the black box there is a ferroelectric morph'c
material, it may be divided into domains which make the 2. Switching domain vo0umes
device to exhibit a much wider variety of phenamena.
Its overall response to external forces involves (cf. redistribution
fig. 1)

- tensorial properties of domains, depending on their
volume and orientation, nonlineari tymemory.

- enhanced susceptibilities (such as electric, mecha- giant susceptibihties
nical, piezoelectric) due to domain walls,

- domain volume redistribution (switching), 3. Domain wall response
- phenomena resulting from impedance jumps on the

walls which influence wave propagation (such as enhanced susceptibilffies
light scattering or waveguiding).
To describe the overall response is a rather con-r,

plex task. In contrast to the previous case more entry t
information will be required about the content of the
"black box". 4.Disturbed wave propagation

Studying domain phenomena offers, for basic re-
search, a rewarding subject; often by relatively simple
means we obtain surprising and interesting results.
Still, it was and is the quest for applications that light scattering,wave guidin%
provides the most effective impetus for further domain enhanced SHG, sound attenuation
research. It was soon realized that it was the domain
phenomena which were responsible for the effectivity of Fig. 1 Types of response of the ferroelectric
poling process in barium titanate ceramics and for its sample in a device

CI17.08t 0 7(03 [ ,,,r "/253.(K) - 171



during the 2nd order transition in a temperature
Table 1. SURVEY OF APPLICATIONS OF FEWORIOC gradient the paraelastic and ferroelastic phases must

coexist, meeting along a phase boundary, which limits
physical property example of device the development of strain (2D clamping). In either

permittivity capacitors, ther~moers + case, there is a close similarity to problems treated
microwave resonators + in theory of martensitic transformations in metals.

pyroelectricity IR detectors. imaging + A) Transitions in restricted volume have been
electro-optics lumped ssodulators +

spatial ligqt modulators + considered in a number of papers by Roitburd (see
A directional couplers - /7,8/ and for ferroelectrics in particular the problem

nonlinear optics frequency multipliers + was discussed by Arlt /9, 10/. Consider a hypothetical
parametric ocilators +
phase c•3ugators - co2pod transforming into any of two single domain

photorefraction optical memories - states characterized by strains u and u2 and sche-
image processors - s s

electric bistability switching elements +
analog memories -

switchable light valves +
birefringence displays - o)

optical memories -
B image processors - U1

diffraction gratings -
diel. mnonlinearity variable capacitors -
electro-optics diffraction gratings -
piezoelectricity hyparsonic transducers -

C nonlinear optics second harm. generators -
photorefraction optical mesories -

piezoelectricity transducers, motors + - tension
D sensors, positioners +

resonators, filters + cr,

A - dcrains unwanted. B - device based on danain
structure or switching. C - domains nay improve
device function. D - domains in ceramics play
a two-fold role. Fig. 2 Domains in restricted volume:

stress relief in 2D. See text

in a few selected areas. In the 2nd section we present matically represented in fig. 2a; we assume for the
a brief discussion of the formation of ferroelastic components ulls=-U2 2s=u s. Should the transition proceed
dcmains due to mechanical boundary conditions. Next, we under clamped conditions, the elastic energy develops
review domain wall contribution to susceptibilities, extending over the sample, with the density
Some emphasis will be put on the properties of lock-in
phases originating in inccmmensurate phases. Their spe- U 2 (1)
cific high-field nonlinear behaviour will be shortly (l ng)= 1 1  1 2)u
dealt with in the 4th section. Finally, we point out in which c.. denote elastic nmduli and which may reach
some topical interesting problems. 1

appreeciable values compared to energy gain due to the
2. Domain formation. Ferroelastic approaches change of phase: this may lead to suppressing the

transition. However, if a polydcmain state is formed
In recent years a considerable progress has been such as in fig. 2b, the average strain is

achieved in understanding the role of ferroelasticity 1 2
in the formation of dcmains. A pair of domains 1, 2 is /U s >=(1-04)us +o4u 5  (2)
called ferroelastic if the two constituents differ in

1 2 where the volume fraction of domain 2 is - . For od =1/2
spontaneous strain tensor u , u. smeasured with res- we have Uelast (long r.)=0. Still, the matching with the
pect to the paraelastic phase. For mechanically free surroundings is not perfect (fig. 2c) and it has beeen
conditions, the us tensor determines the change of shown that the misfit elastic energy extending over a
shape of a finite sample and the change AV(T tr) of the thin layer at the surface has the approximate form /10/

unit cell volume at the transition temperature Ttr. U elast(short r.)=Kcl /3 2d/g. (3)
The latter is given by the trace of the us determinant.
L-et us recall that, but for the domains with anti - Here K is a numerical factor, the angle 3 is defined in
paralle l us oalliation and for thedoains pairs, all fig. 2c, d stands for the danain slab thickness and gparallel polarization and for antiphase pairs,all for the sample linear dimension. The occurence of do-
other domain pairs in colmon ferroelectric ceramic main walls in the sample (grain) is connected with the
materials are ferroelastic.

Clearly, ferroelastic domain pattern can be influ- energy density per unit voluma
enced by mechanical stress. Methods of engineering d (4)
regular domain patterns by external applied stress or wall
by built-in defects have been surveyed in ref./6/. Here where a-denotes the surface wall energy density. By
we shall briefly review some results concerning the
role of boundary conditions. Having in mind the situ- m is the lastlibrenergiesnwedobtain
ation during the domain formation, i.e. at the phase for the euilibrium dcmain width /10/
transformation, two cases A and B can be treated d=( l/',Kc1 1 /2 1/2 (5)
separately. In A, the transformation process in a
sample proceeds in restricted volume. This is particu- This is the example of a stress-relieving domain
larly relevant to ceramics where a grain is in contact mwch=nis-' *i t-- dimeansions (in fig. 2b,c) walls are
with neighbouring matter and can be considered as assumed perpendicular to paper). Since with decreasing
clamped (3D clamping). In B, it is taken into account
that during the transformation of the 1st order or grain size g the wall energy decreases as g2 while the
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(O ij=(1/2)(sinj - nisj). (5L)

Here s is the displacement vector. The last equation
0- define-s mutual rotation of the two lattices. The first

one puts some restrictions on the u tensor. For tran-

04 sitions at which AV(Ttr)=O the problem of PB existence

0 " was discussed in refs. 12, 13. All ferroelastic transi-
¼)' tions are classified into two groups: permissible PB

uo (1) does or (2) does not exist. Understandably, appro-
010 ximate solutions are also possible /13/. It is obvious

that if a PB exists between the parent phase and a
004 •particular domain state (a), another PB is permissible

between the parent phase and the domain state (b): both
are related by appropriate symmetry elements.

03 . - Two practical results •emrge from these consi-
03 3 0%0 1DO derations. First, suppose that a permissible PB

between the paraelastic phase and the domain state (a)

Fig. 3 Domain width vs. grain size. does exist, having the orientation (hkl). If the
transformation proceeds in a temperature gradient gradT

After /10/ oriented perpendicularly to (hkl), the probability that

elastic energy as g 3, there exists a critical size the crystal goes over into a single domain state
below which the grain remains single domain. Fig. is greatly enhanced. Thus cooling in an oven with con-trolled sample rotation provides a method for obtaining

3 taken from ref. 10 shows that for BaTiO 3 ceramics the single domain samples. This has been demonstrated for
proportionality (5) is well satisfied within some PbZrO where a "sharp" PB leading to single domain is
interval. The modiel leads to the estimation g =40nrn. 3 "hr"P edn osnl oani

crit the (130) plane /14/ and also for NaNbO3 crystals /15/,
If the material allows, by symmetry, for more than

one ferroelastic domain pair (e.g. tetragonal BaTiO 3, The same trick is being used for poling BaTiO3 crystals
for optical applications.

the stress relief requirement may lead to more ccopli- In the alternative case, a permissible PB does not
cated 3D domain textures. The most often occuring exist simply because the spontaneous strain corponents
pattern in coarse-grain ceramics of bariun titanate is do not allow for a solution of eq. (5). ixs shown abc.t,
reproduced in fig. 4 /11/ (arrows indicate direction of by eq. (2), a domain texture consisting of properly
polarization). Its remarkable feature /11/ is that it chosen domain states with relative occupancy ot/ makes
can be polarized without appreciable change in averaged it possible to control the average spontaneous strain
strain. It appears that similar studies of stress <us> . Even in this case eqs. (5) can be used to
relieving domain configurations for orthorhombic and
rhombohedral phases of poiovskites such as PZT have not determine (hkl) of the PB between the paraelastic phase
yet been performed. and twinned ferroelastic phase such that the elastic

z B energy is minimized and at the sane time we obtain the
B C volume fraction . Thus the simple theory predicts the

PB for multidomain states as well as the domain wall
density. The cubic to tetragonal transition in NaNbO3
/15/ with spontaneous strain components u , u provides

I a
one of known examples. We obtain h=(u a/u ) 0,

-1/2ac
u a +U c)/U /, oi/(1-o)=-u(Iua. For the last fac-

tor this calculation gives 2.12 and the observed value
of 2 is close. The calculated values of angles which n
makes with the crystallographic axes agre well with
observations, within a 1 degree accuracy.

Fig. 4 Domain configuration in BaTiO3 ceramics: In both 3D and 2D constraint cases, the resulting
stress relief in 3D domain structure is formed at the transition tempera-

ture. Below it, therefore, it has to be considered as
B) For a mechanically free sample, i.e. when all metastable. Still, the relaxation times can be expected

applied stress components vanish, the ground state of to be very long, especially for 3D constraints which
the ferroelastic phase is single domain and the above survive at lower temperatures, though quantitatively
considerations do not apply. However, during the Ist modified.
order transition process the two phases are in mecha- The two mechanisms A, B illustrate model situations
nical contact and this results in 2D elastic con- in which, the effect of stresses has been at least
straints. The problehnof phase coexistence and its approximately accounted for by theory. Some observa-
consequences for the formation of ferroelastic domains tions accentuate even further their role. In a boracite
has been treated by a number of authors (e.g. refs. 12 crystal /'16/ a new orthorhombic transient phase occurs
to 15). The basic question is: can a planar phase in the vicinity of a non-permissible cubic/tetragonal
boundary (PB) exist with a single domain state on one PB which is believed to be induced by the stress around
side? This may call for some general deformation of the PB. In lead orthovanadate, complicated star-like
lattices on both sides connected with the elastic domain patterns are formed in the ferroelastic phase
energy A U. To keep AU=0 we require that the strain containing regions in which, due to the high stress
additional lo u (on the furroelastic side) is zero. concentration, the paraelastic phase is stabilized
A PB perpendicular to the vector n which fulfils this /17/. Phencmia like these may seriously influence
requirement may be referred to as nermri-bihle PR, it acrz-c0ori• properties of ,miltdciain -irpie!.
,2Xi1us whun the !cll g conditions are satisfied: We may mention that the 2D constraint along the

phase boundary resembles a kind of epitaxy. The present
ui.•=(1/2)(sinj + nis) (5a) interest in epitaxial ferroelectric layers will inevi

Js i' tably lead to investigating 2D constraint conditions
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along the layers, taking into account elasticity of domains differ in sign of the piezoelectric coeffi-
the substrate and splitting of the layer into ferro- cient d 33 and thus applied field tends to create the
elastic domains, and to formulation of simple models surface profile shown which is difficult to realize:
which may use the results already known for PBs. the higher density of domains the more effective is the

domain clamping. Thus at frequencies below the thick-3. Dcmnain-wall attributed susceptibilities ness resonance dcmains decrease the magnitude of
oernittivity from free to clamped value and when wallIt is accepted generally that domain walls may in- shifts are small we have effectively 6E<0. This effect

crease the permittivity by a contribution A6. Despite was indeed observed for BaTiO /22/.
of that for no material a satisfactory set of data is 3
available that would lead to a model convincingly In b), spontaneous shear u exists due to piezo-
explaining this behaviour. ig. 5 shows schematically electric coupling in the paralectric phase. In a
basic mechanisms of LE . In a), the crystal lattice multidomain sample the -',erall <u 1 2>=0. Field induced
within the wall responds by permittivity differing by wall shifts /23/ lead to macroscopic shear deformation

with respect to the bulk. In b), the wall (now which would be suppressed above the face shear mode
represented by a single line) shifts retaining its resonance frequency
planarity while in c) it reacts as a membrane, being F -

pinned at discrete points. In d) a nucleus (cluster) W =(7 /1) ýc6E/ (7)
with opposite polarization is formed on (at) the wall. r 66

In this and similare cases, when damping would be low,
wall shifts are acccropanied by a transfer of huge mass
of the whole sample and this would be the source of m
in eq. (6). By contrast, forbidding the macroscopic

ý" +6 F • deformation (e.g. clamped grains, cf. section 2) pro-
)b) vides a source of k /24/.

It seems that the emergence of fast broad band
impedance analyzers (such as HP 4192A and 4191A) that
make it possible to follow dielectric relaxation
properties as the system undergoes spontaneous or

C td induced changes has recently boosted targeted investi-
gations of LE . Here we briefly survey results for
tw very different kinds of ferroelectrics: ferro-
elastic KH PO and nonferroelastic Rb ZnCl

In KDP a~d isomorphous crystals {he 4 ail" of 4E
extends some 40 K below Ttr /25/ where around the tern-

perature TF it disappears. TF is often called domain
Dispersion behaviour for a) depends on the micro- freezing temperature. Fig. 7 shows this effect,

scopic details: here lE may relax in the radiofrequency together with the influence of biasing field and
region (reversal of permanent dipoles) or up to the frequency /26/. Recently dispersion studies /23,26/
infrared. In the wall-shift mechanisms b,c,d we expect were performed on pure KDP as well as on crystals with
that LE(O ) will be governed by the equation of motion excess KOH ions and some isomorphs. Accompanying 68- is

2 2 a dcmain-induced increase in elastic compliance /26/
m(d x/dt )+ 3(dx/dt)±k-2P 0 E (6) (fig. 8) which also freezes out at TF and is analogical

0 to plasticity of metals connected with twinning mecha-
The very existence of LE > 0 depends on the restoring nism. When t) is reached a great part of LE diappears.
force coefficient k and to elucidate its origin is the Thus most of LE at low frequencies is connected with
main task. Basic mechanisms considered are: pinning to wall shifts mimicking the face shear mode (fig. 6b).
local defects /18,19,20/, pinning to surface /21/, On further increasing frequency the remaining A shows
interaction between close walls /19/.

Coupling to strain may also be essential. Two
simple cases are schematically shown in fig. 6. In a),

E-

I *I'I*I •Idomain1 10

face

I , 11 'IIshear A

resulting from wall shifts 70 80 90 ,oo 110 120 1.30 ,•o ,5 16o

Fig. 7 E and its freezing out in KDP.
Fig. 6 Two simple cases ed domnain coupling After /26/

to induced strain

'74
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temperature TL the modulation takes the shape of per-
.... . . I fectly regular quasi-dcmain structure /28/ with alter-0 ... .nating local pokarization. Domain walls are perpendi-1  

. cular to the modulation axis x. In the free energy

"function the so-called Lifshitz term is essential,
I°* linear in the spatial derivative:

A r 2 (dý/dx) (9)
*0or• rry KCP where r is the order parameter modulus. Since the sign

""ossy ,QP of A is given, also the sequence of domain states
... 6,1,2,3,4,5,6,1 .... when one goes along x, is fixed
"/28/. Permittivity grows when T is approached fram

., above. The accepted model is ht the wall response
108 '1 0 I is described by eq. (6). The relaxation is nearly Debye

708 9 160
7T() type /29/ (thus nra0), with fo in the region of 108

Fig. 8 Daain enhancrment of s66 in KDP and to 109 Hz. The origin of the restoring force is the
its freezing out. After /26/ repulsive interaction of walls. Eq. (6) leads to /30/

a relaxational decrease with a distribution of relaxa- s• ((d=0)=(2mPsw ib)(1/X0 )exp(X/w)
tion times centered around m =1/&.)m. The latter was f J (11)

found to satisfy the Vogel-Fulcher law Here x is the distance between walls, w and b are

V = Io exp/E(T-To) (9) constants.

where T is very close to T . Thus the domain freezing
effect Ts in fact a phenaomnon of anomalous increase 1200- 1 - -- --
of the relaxation tine: at TF the measuring frequency
exceeds tj and thus be falls. Since 0 r can be con- 8 RD2ZnCL4

trolled by sample dimensions and W by temperature, ."
m //

we may have both cases wr4 (m" The analysis of the

results led to the following model /23,26/. The 400 - V -' standard
applied electric field causes dipole reversal quolity
(connected with protonic motion) in two-dimensional theory
clusters along and within domain walls. If the crys- 0
tal is free to deform (W<4) r), cluster formation is 140 160 180 Tm TL 200

unsymmetrical and causes the wall to shift. This T(K)
results in shear deformation (fig. 6b). When 4-1 sur-
passes C) r' the shear is forbidden (clamped con- Fig. 6 Permittivity of Rb ZnCI measured along

its polar axis in 6he flrroelectric
ditions). However, dipole reversal along the wall phase. After /30,31/
continues till its own relaxation frequency Wm is

reached. The latter is determined by the configura- As in any ferroelectric, the ground state is single
tional entropy of the dipolar reorientation which domain and thus at TL permittivity E is expected to
decreases with decreasing T since spontaneous polari- drop, on cooling, to its small background value (cf.
zation in the domains adjacent to the wall approaches fig.9, dotted curve). Instead a tail of LE is observed
its saturated value. At the Vogel-Fulcher temperature (full curve, for standard quality RZC crystal) which
T the configurational eftropy reaches its limiting received considerable attention of theoreticians. It
v~lue and the dipole reversal stops. has been connected with the response of remnant domain

It thus appears that KDP offers an interesting walls pinned to defects /19,20/. Recent data /30/
combination of two 6 mechanisms mentioned above: showed that in specially purified crystals this effect
response of the lattice inside the wall itself (here is by far more pronounced in value of &E and in teape-
represented by dipolar reorientation in 2D clusters rature width, as shown in fig. 9. The most striking
along the wall) and shifts of wall as a whole under features of this behaviour are: i) temperature Tm of
mechanically stress-free condition. From a microsco-
pic point of view the dipolar reorientation in the KDP permittivity maxinmun does not coincide with the phase
domain wall has been treated in ref. /27/. transition which proceeds svereal K above, as shown by

Recently much attention has been received by crys- optical and dispersion data. ii) zAE is roughly the
tals in which between the ferroelectric (C) and nor- sane for cooling and heating run. iii) between TL and
mal (N) paraelectric phase there exists another so- about 175 K we have relaxation spectra with average
called modulated or incomuensurate (IC) phase. In it characteristic frequency shown in fig.10 while at lower
the crystal lattice is distorted with respect to N temperature a "diffusive" dispersion mechanism doni-
by a frozen-in wave of atomic displacements whose nates shown in fig. 11.
wavelength 2 9'/ki is not commensurate with the lattice The discussion of some of these data /30,31/ nay

spacing. In what follows we shall have in mind crys- be based on eq. (6) assuming nr-0. This gives Debye
tals of the ABX4 family, represented by compounds equations corresponding to relaxation spectra observed

in the upper temperature interval. The origin of the
like Rb2 ZnCl 4 (abbr.RZC) or K2SeO4 . In their "lock-in" restoring force may be twofold: repulsive wall inter-

phase C these are improper uniaxial ferroelectrics, action potential U(n) depending on domain wall density
with 6 damain states differing in the value of phase n and trapping of walls by local defects. Both mecha-

Sof the order parameter. Above the C-IC transition nisms can combine, giving /20/
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for unexpected function n(T). Theoretical bdckground
for such a wall response in this kind of materials is,

S.... -however, missing. In fact the oscillating walls model
35W "is generally believed to be suitable for describing

dielectric properties in the IC phase.
4 3"1• iIt is interesting to note that two types of dis-

persion behaviour (Debye or diffusive) of A6 is not
25 uncommon in ferroelectrics. Despite sawe general theo-

g 2000 retical attempts (e.g. /32/), a model for the diffusive
i mechanism is missing.

1000. 4. Ferroelectxic lock-in phases in high fields

5W00- - -.- - - - In a good sample of classical uniaxial ferro-

lBS .. . ....... electric (TGS, BaTiO3 free of 900 walls), hysteresisU65 17 175 -180 -185 -190- 1953

T (K) loops are well rectangular. Polarization reversal
process proceeds by the following mechanisms: formation

Fig. 10 Relaxation frequency of 6 in the upper of nuclei of the opposite domain, their forward and
part of the C phase. Purified RZC /30/ lateral growth, coalescence of domains. Switching times

in constant fields are determined by nucleation proba-
bility and domain wall mobility. In the latter, mutual
interaction of walls has not been considered an inpor-
tant factor.

4501 140 Data on switching in ferroelectric lock-in phases
400( I of A2BX4 s are not numaeous. Most measurements of ac

3501 hysteresis loops point to a rather special form: the
3001 100 loop is swan-neck shaped with small remanent polari-

zation compared to the saturated value and with small
250 " coercive field compared to the field at which P satu-
"200 60 rates. Fig. 12 shows an example, taken for standard RZC1501 crystal 2.3 K below Tm /33/. For highly purified

100 crystals we have observed even lower coercivity, in an
interval of several K on both sides of Tm.

0.1 1 10 100 1000 10000 An alternative way to represent high field di-frequency (k~z) electric nonlinearity is to measure permittivity & as

a function of biasing field. For standard quality RZC
E was shown to be independent of E up to the

Fig. 11 Diffusive dispersion in the lower part threshold field E = 30 V/cn while for E >E F_ changes
of the C phase (T=150 K). Purified RZC 0 0

linearly with 1/E /34/. Such a dependence can be
explained by the model of oscillating walls which led

k = U"(n)+ gN2 /3/4 (12) to eq. (10). Biasing field brings pairs of walls
together (cf. left part of fig. 14) so that the

where g stands for the effective elastic modulus distance x0 which dominates in the interactive repul-
hindering wall curvature (model of fig. 5c) and N is sion decreases. This results in decreasing in propor-
defect concentration. Close below TL where wall distan- tion to 1/E.

ce is small, the term U"(n) dominates. It can be
speculated that below Tm the role of pinning to defects

grows (second term in eq. 12). For static permittivity
the eq. (6) with nO leads to -00

AE = 16jrP 2 n/k. (13) f (
't 0'

Since Ps changes but little, the origin of the 6E(T)

curve below Tm must be sought in k(T) or n(T). On
cooling SE decreases, which would rewuire, by eq. (13), PS100 , _S
an increase in k. However, fig. 10 and eq. (11) indicate 30'
that k decreases. This leaves the wall density n(T) as T
the responsible factor for the AE(T) behaviour. We- Tzh_23K
might accept that domain wall density decreases on - (
cooling but since M(T) is roughly reversible this 41 20
would call for reappearance of walls on heating, an • max
unlikely process since no physical reasons seem to
exist for it and also since special nucleation of
groups of six walls (stripples, see sec. 4) would be 10
required /6,28,30/. --- I

Thus the model of oscillating walls leads to yet
unsolved difficulties and it could only be substanti- -10 0 5 10
ated by direct data on temperature dependence of wall
density n(T), at present not available.

Alternatively, the model of lattice response within Fig. 12 Hysteresis loop and E (E) of standard
the wall (fig. 5a) could explain AE(T) without calling quality RZC in the C phase /33/
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It was found that for highly purified sample of We thus may have a material which exhibits novel
WLC the dependence F (E) is practically without hyste features ,ot uninteresting from the point of view of

resis. Fig. 13 shows an example of such measurement practice: very strong dielectric nonlinearity in a not
/31/ taken at about 4 K below T : curves for rising too narrow temperature interval, with small hysteresis
and decreasing E are practically i&entical, in contrast which can be, by controlled purity, reduced to vani-
to common behaviour of uniaxial ferroelectrics. shing values. The same kind of effects can bp expec-

ted in other members of the A2BX4 family in different
- . temperature regions.

1000 IkHz 5. Concluding remarks

Sate of the problem discussed above delineateIk interesting topics for further research. In connection
with sec. 3 we may mention domain structures in lock-in

500 ferroelastic phases, in particular studies of wall
densities developing through TL and below in the C
phase, possible direct observation of stripple mecha-
nisms, studies of domain wall conditioned elastic
compliances. Highly purified (MWA) 2CuCI 4 might be a

0 2 4 6 good candidate for a model material. Much tare detailed
EI kV/rm) studies along the lines indicated in -.. 4 are nrc ed

to throw sufficient light on th1- high field processes
Fig. 13 Permittivity vs. bias in the C phase in lock-in ferroelectric phases, possibility of nucle-

of purified RZC /31/ ation, frequency dependence of nonli.,eLrities due to
walls gliding freely but for their interaction.

It thus appears that nonlinear dielectric proper- However, we left unto.ched rary -- -ting problem
ties of lock-in ferroelectric pses of A2BX4 crystals that wait for concentrated experimental and theoreti-
tiffes frof l hok-in oerredcoric phasfes of It effort. Their list contains domain formation in non-differ fron those observed for usual ferroelectrics. It frolsis atclryteeitneo ya
can be suggested that mechanisms responsible for the ferroelastics, particularly the existence of dyna-
canmer b re sgst thatws Ichnisa defec responsibleformthe mical clusters above T , their possible connection withformrer are as follows. In a defect-free crystal, domnain the birth of wEll defined dczmains below Tc buit also th•

walls can freely move under applied field, feeling only existene and role of wnicrodomains in the ordeba ed

the interaction potential of neighbouring walls. There e.is fe of photoinduce dexei
is therefore no threshold and no hysteresis. As don~ains phase. It is felt that the area of photoinduced domnain

is tereoreno tresoldand o hsteesis Asdonins effects, addressed in connection~ with optical "-,oper-
with unfavourable orientation narrow (fig. 14, left) ties of PLZT and with hologram f oxing years ago, was

walls coming close create pairs and repulse each other, left in an unsatisfactory state of affairs ar g is wrth

This interaction is responsible for -i ns of saturation of further investigations. Perhaps the hottest topic

in form of swan-neck-shaped P(E) dependence. It is now
essential that the pair of walls in this case cannot are domain structures and their properties in 2D and 1D
coalesce. This would create instead an antiphase system, i.e. in thin films and in fibers. In all men-couales. Thish ntioned cases we believe that the essential condition ofboundary which may be energetically unfavourable. The scesi hecoc famil aeil atn
only process which would make the sample single domain success is the choice of a model material, meeting
is the formation of ccnplicated nuclei, so-called basic physical requirements such as suitable crystal
stripples /29,31/ consisting of six walls and termina- symnetry, location of transition point, bandgap width
ting in a line defect (see right part uf fig. 14). etc., but at the same time capable of technological
Their formation seeps however, improbable since in processing aimed at obtaining well defined samples with
the C phase the average distance of walls is large. known and controlled quality.

But not even formation of a classical nucleus,
such as that of domain state I embedded in the region References
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svstems. * iiidb' h -i- o;, ilus train-it ri(ls ire KiN~ 57
chir~i( tel /i'd I~v the d ivergence if the non-liniruar

silsc ipt ifiilit ies '' we haive measured the dielectric
yottstart tI FIN' as a tIjunctitit of I iclil. 60,O-

Measurements of the dielec tric constants were0
performed w. th a getier Il radioi capac itance bridge U400

(Model 1015)) at I kliz and for different DC bias fields. U
For each value of the bias f ield, measurements wereE I
made as a functijon of decreasing temperature (FC U
coindition) . At each pouint , the temperature was stabi- 00
11ized f or a pprox Imat el Il I-mn be fore the measurement
was ac tuallyI recorded .

The results for two KIN crystals with x=1.27 anid
15.7" are shown in Fig. Ia and lb. Both sets are very 0......
similar, showing a strong decrease in the peak height too 12'0 1 40: 60. l~
with inireasing DC field. However, it is important to Tlerpercture (K)
note that the magnitude of t-his DC field is very
idifferent for the two cryvstals, betitoen I0 and 25()V/cm
for the 1 .2%1 crystal anid between () and 2. 5kV/cm for
the 15.7% crystal or a factor of MI between the two
crystals. Thus, in the lower concentration crystal, a Figure la) Dielectric constant vs. temperature under
much smaller DC field is required in order to depress various tic bias for the 1.2% NI) sample o 0I ky/cm:
the strong susceptibility. In the above, we assume 01.05 kV/cm; 01.10 kV/cm; 0.25 kV/cm: and
that the single dielectric peak observed in the 1.2% Ib) for the 15.7% Nh sample, o 0 kV/cm; 01.25 kV/cm;
crystail corresponds to the high peak in the 15.7 5 0.5 kY/cm; I kV/c m: * 2 kY/cm.
crystal. Fhis is runt rary to a previous assignment
which. was based oin a combination of dielectric and
Raman measurements unforrtinatel y made (in two di fferent The above results for the 15.7% crvstal are
crystals with similar hut nvit equal concentrations of presented in a different form in Fig. 2 where we have
n iofi i im. The present assignmentt is based (on new Raman plotted the field dependence of the dielectric constant

('11308 0~)(-780i~3lf("65 9/9 2
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at several temperatures close to Tc. The range of

temperatures corresponds to that in which we have noted
earlier a deviation from a Curie-Weiss law and other - S

anomalous features. The curves in Fig. 2 clearly 10000.oo

reveal the non-linearities of the dielectric constant. 3b)
They can be fitted to an expansion of the form: £o' £

(0) (2) (4) 4
+ E + c~4  E4

in which c( and c represent the first two non- -• too

linear coefficients. Only even terms are expected in K%;.. N•,•,

the expansion because of the symmetry of the dielectric 10- 57%

tensor.

2 3 4 6 2

J- T

.1• a,4C. Figure 3. Log-log plot of E (2) and E(4)N coefficients

Fiur NL an NL cefcet
of the first and second non-linear terms of the E(E)

expansion vs ln(F-r ) a) for x = 1.2% Nb, T = 13.8K
oK b) for x = 15.7% Nb, T = 138.6K c

29 6

Interpretation

18 - -I
In a previous publication , we reported hystere-

sis loop measurements which showed that the departure

. from a Curie-Weiss law corresponded to the appearance
0 :5 '0 25 !C of polar microregions (20 - 100 A). This also

2<,V ": corresponds here to the present observation of dielec-
tric non-linearities. We are thus led to the conclu-
sion that the dielectric non-linearities are due to
the presence of the polar microregions.

Figure 2. Dielectric constant of KTN (15.7%) vs. dc An explanation remains to be given for the

bias at various temperatures. The solid lines are existence of two ranges with a steep slope in the

titting results, higher temperature range, and for the differences
between the two concentrations. It is reasonable to
suppose that, at first, the polar microregions are

The values obtained from the fit for the two coeffi- dynamical, i.e. they either persist for a certain

cients are plotted on a log-log scale in Fig. 3a and lifetime or they are permanently present but can

3b tor the two crystals respectively as a function of reorient as a unit. In the second and lower tempera-

(T-Tc). For both crystals we note the existence of ture range, the interactions between dipoles becoming
"(2) increasingly strong and more distant dipoles beginning

two ranges. At higher temperatures E increases very to lock-in, the polar regions grow in size and become
rapidly with a steep slope approximately equal to static at the same time. This interpretation can also
9 (*O.4) in both cases. Closer to Tc the slope becomes account for the concentration dependence observed.

almost null for the 1.2% and equal to about 2 for the
15.7%. More important than the difference in the low For low concentrations, the average distance

temperature slope are the very different temperature between impurity dipoles will be large or the number

ranges in which the two regimes are observed. In the of near neighbor dipoles will be small, and the

1.2% crystal, the steep slope extends down to almost distribution function of inter-dipole distances will

T + 2K while in the 15.7% crystal the crossover occurs be relatively narrow. One then expects that the
c dynamical regime will extend close to the transition.

as far as T + 16K. On the contrary, for high concentrations, the averagec
distance between impurity dipoles will be small and

2 the distribution function of distances relatively
broad. Then, it appears that the cross-over of close

X 1 dipole pairs from the dynamical to the static regime
C will occur farther away from the transition..3a)

With regard to the field strength required to
lower the dielectric peak, or equivalently the value

of the non-linear coefficient (2) it is clear that
- I if the average distance between impurity dipoles is

large, the average interaction energy will be small.
,U •Consequently, for low concentrations, a small field

• I will be sufficient to decouple the dipoles from one
another or to overcome their mutual internal random

"-0. 1 fields and align them.

T (K One of us has recently proposed a random field
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7 .

theory in order to exp, a in di po- IC-indu, ed trans i (ins

in highly polarizable crystals. In this theorv, the
order parameter is chosen to be:

L

where the moment of each dipole is d. = dZ and the
I I

two bratkets and the upper bar represent orientation-
al and contfigurational averages respectively. Each
dipole d. tinds itself in the tield E mt of all the

surrounding dipoles. Because these are randomly dis-
tributed, the resulting internal fields are themselves
random, with a distribution function f(E lit,.) which

clearly also depends on the order parameter L. The
value of L can be obtained by solving the following
self-consistent equation:

L = f f(Ei L) <.>F d>IFn0 nt ' lilt

The same theory can be applied to calculate the
dielectric constant and its non-linear coefficient:

E(E) = nd L/E where n is the dipole concentration, and

d the effective dipole moment in the highl', polariz-
able crystal. Instead of the moment Z. of a singleI

dipole, we shall use the average moment of a pair of
dipoles, <Z ij>E int,E ' now a function of the applied

field as well as the local field. Such a calculation
is in progress and resembles that pertaining to long
time relaxation effects and the observation of hyster-
esis loops above Tc, which is presented in this
volume.
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Aibstract. Shifting the focus from the confines of the bulk
materials to the dielectric behavior of ferroelectric

The high frequency dielectric response of sol-gel thin films at low-amplitude a.c. field of high
derived lead zirconate titanate (PZT) thin films has frequencies, as in the present study, the dominant
been investigated. Conceptualizing the presence of factors that influence relaxation appear to be connected
interface layers was critical in explaining the dielectric to the presence of interface layers, and grain
measurements. By a careful control of the processing imperfections. For, first, these films have been
parameters, aided by rapid thermal annealing, the low characterized by very small grain sizes, in the 0.1-0.2
frequency dielectric charactersistics could be sustained pm range 11,21, that has the effect of displacing the
upto a Gliz range. Bat.5Sr0.5TiO3 which is threshold frequency due to the piezoelectric clamping
paraelectric at room temperature appears to be a of grains or domains to higher levels; and second,
potential candidate material for high frequency fabrication of the films through the sol-gel process
applications. ensures maximal chemical purity. This study will,

consequently, argue that the dielectric dispersion in the
I Mltz to several Gllz range stems from the presence

Introduction of barrier layers and grain imperfections, both of
which can be squarely linked to the film processing.In these modern times, many and varied are the

applications of high frequency dielectrics- in high
resolution/ digital communication devices
encompassing cellular phone and satellite Results and Discussion
communications, in microelectronics and packaging
for high speed switching mode power supply, in '[he PZT films used in the study were of the
frequency sensors for microwave detection, to plainly morphotropic phase boundary composition (with a
list but a few. Dielectrics qualifying for such Zrfl'i mole ratio of 52/48), fabricated by the sol-gel
applications must possess high dielectric permittivity. spin-on technique. The details of the film fabrication
low dissipation loss. and low temperature coefficient as well as the structural and electrophysical
of electrophysical properties. Ferroelectric materials, characterization of these films have been outlined in
which constitute a unique subclass of dielectrics, while Refs. I and 2: the dielectric and ferroelectric property
very promising in satisfying these general attributes, measurements were limited to the radio frequency
suffer from a drop in the dielectric constant at a range in these earlier studies. For dielectric
characteristic frequency, ascribed to the piezoelectric measurements in this study, a high frequency
resonance of the crystallites as well as the inertia of the impedance analyser (LIP 4191A) was used. All the
domain boundaries; other plausible explanations films were rapid thermally annealed at temperatures
advanced for the phenomenon include the existence of and times as specified.
interface layers at the film-electrode boundary,
impurities in the film, and grain imperfections as also Fig. I is a plot of the dielectric permittivity as a
grain boundaries. At still higher frequencies, an function of frequency for a 0.385 prm thick PZT' film.
additional drop in the relative permittivity may occur, rapid thermally annealed in the temperature range of
assigned generally to dielectric relaxation. In 600-800(IC for 60 seconds. It is patent from the figure
paraelectric materials, no piezoelectric resonance can that with increasing annealing temperature. the
occur if the phase is centrosymmetric: the clamped and relaxation frequency decreases systematically; of
free dielectric constant, which refer to the dielectric greater import is the precipitous tumble in permittivity
constant at frequencies above and below piezoelectric to almost a cipher at this frequency. While this latter
resonance respectively, are equal to one another. At a point is seemingly baffling at first glance. the
given high frequency, dielectric relaxation can still frequency response of the measured dielectric constant
cause a fall in the dielectric permittivity in this non- and the corresponding impedance spectrum from the
polar phase. equivalent circuit model, based on properties of the
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film core, the el:•trode, and a series resistance 131.
lends a modicum of understanding to the anomalous
dielectric behavior. Sayer et al. 131 postulated the
formation of an interface layer at the top electrode- 10
film boundary and the film-substrate boundary; by C7
varying the internal barrier layer thickness from 0.01 E Jos
pm to 0.5 pm (the disturbed layer at both the r
interfaces are lumped) on a film of 1 pm total r 1
thickness, the dielectric constant was computed, which 0 ,
has been reproduced here as Figure 2. Scrutiny of this .!2 I,

figure, and its juxtaposition with Fig. i, reveals a W_ 16
striking similarity, tempting the speculation of the v nur
presence of inter' ice layers of increasing thickness 4 c
with increasing verity of annealing of the films. As = 105

observed by authors [31, the calculated higher 500 600 700 800
dielectric constant for films with thicker barrier layers Annealing Temperature (C)
might be related to the assumption of the full
thickness of the film in the computations, when in

1000 Fig. 3 Resistivity plotted as a function of annealing

0700C

S500 -70c10

.'Z- 52/48

8W

U)

lop IV IV 10' 107 lop -

Frequency (Hz)

EFig. I High frequency dielectric response of PZT thin
films, annealed 600-800'YC at a constant dwell time of E"
60 seconds. Note the systematic change in the
relaxation frequency with annealing temperature. 1 0a 3.. . ...

1 04 1 05 1 06 1 07 1 0 8

Relaxation Frequency (Hz)

2000 0.5'Um Fig. 4 Relaxation frequencies determined for films of

varying thickness shows a drop for thinner films.

1500.

0. OIAM reality, it should be smaller by a thickness equal to that
of the disturbed layers. In our earlier study I11. the

1000 0 high frequency dielectric relaxation was alluded to the

formation of low resistivity surface layers whose
resistivity changes with the annealing conditions; from

500 Fig. 3. it is apparent that higher annealing temperature
results in lower resistivity of this anomalous layer.

01 Maintaining the same processing parameters, dielectric
0 2 4 6 a relaxation frequencies of films varying in thickness

Iog(w) from 0.15 pm to 0.75 pm were determined (Fig. 4);
thinner films are privy to lower relaxation

Fig. 2 Computed dielectric constant of a I pm film frequencies, indicating heightened sensitivity to the
with varying internal barrier thickness; the true value interface layer formation. When the thermal budget

was reduced during annealing by lowering the dwell
of E'=1000 (reproduced from Sayer et al. 131) time from 60 seconds to 10 seconds, there was no
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led evidence of relaxation in filmns annealed at 500 to
I 6000C (Fig. 5): interface layer growth may thus be

Wt1 seconds Icontrolled to eliminate low frequency 'dielectric
C- dispersion. Extending this themne, by manipulating thie

,a 103 6001C processing parameters. the low frequency dielectric
s 7000 . C permittivity and loss of the PZTI filmns could be

C C -S* sustained upto a Gliz, as shown in Fig. 6a. A solid
.25SOC, solution systemn embracing compositions that is

S102 W paraelectric at room temperature is the (Ba, Sr)Ti03
BS)systenm: specifically. thin filmns inthe BST

system, of composition corresponding to a Ba/Sr miole
ratio of 50/50. fabricated by the sol-gel chemnical

lt,' ~ ~ . *..t . 0 technique, revealed dispersion-free dielectric
103 10' 101 10' .107 10' charactersistics (Fig. 6h) for measurements upto a

Frequency (Hz) G(ilz.

Fig. 5 Dielectric permittivity plotted as a function of
frequency for various annealing temperatures but with
a reduced dwell time of to seconds. Sutnitar%

Earlier studies of both bulk ceramics and thin
films has shown that the utility of ferroelectrics for

1000- 0.3 high frequency, applications is limiled on account of-
a PZT the dielectric dispersion at I Mlhz to a few hundred
~ 000.4 Mllz depending on the specific mnaterial. The present

endeavor has shown that bY a deli berate interplay oft
6000.3the processing parameters, dielectric relaxation in- thie

U ~PZT fi lins can be prevented upto a (1117. FilmIs that
U 02 ~ are ferroelectric at room temperature are intrinsvicaI~v
.~ 400subjected to relaxation due to the piezoelectric

clamnping of grains or dlomains, and the inertial
200 - ~ 01response of (domain wall movement. It would

therefore appear prudent to examine the feasibility of
0..............0.0 films that are paraelectric at roomn temperature for

10 100 1000 high frequency applications: BaO.Sr1).5TiO3; falls in
Frequency (MHz) this category, and the first results are indeed

promising.

400- 0.5Rerncs

Ba~r~iOI 04II IJ. Chen, K. R. tidavakumar. K. G. Brooks. and L.
E. Cross, "Rapid thermal annealing of sol-gel deri~ ed

0.3PZ thin films". J. Appl. Phys., pp. 4465-69, May,
.. 200- 19921

-0.2k
121 K. R. 1Jdavakumar. J. Chien. S. B. Krupanidhi. and2~ 100- 0.1 L. E. Cross, -"Sol -gel derived PZ'F thin films for
switchi ng applications". Proc. Seventh- Intl_.SY ip.

0 0.0 -App!. I[erroelectrics. 1990. pp. 741-43
10 100 1000

Frequency (MHz) 131 NI. Sayer. A. Mansingli. A. K. Arora. and A. Lo.
"D.ielectric response of ferroelectric thin f ilins on non-

metallic electrodes". Integ-rated Ferroelectrics. vol. 1.
F~ig. 6 The frequency characteristics of ferroelectric pp. 129-146, 19921.
P7.T films (a). and paraelectric BIST films Nb. note
the non-dispersive behavior upto the melasured
frequency oif I (31hz by a careful control of the growth
of the inter-face layer.
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PTC BEHAVIOR IN YTTRIA DOPED BaTiO3 AS RELATED TO GRAIN BOUNDARY STRUCTURE
R. D. Roseman, J. Kim and R. C. Buchanan, Dept. of Materials Science and
Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801

Abstract of potential barriers at the grain boundaries. The heights of
Lattice structure and phase distribution along the grain these barriers depend on the charge compensation at the
boundaries in Y20 3 doped BaTiO 3, with Zr4+ as a junctions of matching domains and on the corresponding
counterdopant, were investigated with respect to their impact dielectric constants. The lowest barriers will govern the low
on PTC behavior. This doping, related to A and B-site temperature resistivity [11].
occupancy, creates ionic defect states which segregate during The lattice, domain and microstructures should,
annealing to different morphological regions along the grain therefore, all play a prominent role in PTC materials.
boundaries, identified as non-domain and domain regions. However, the structure of the grain boundary region and its
TEM high resolution imaging, HOLZ pattern and EDS exact contribution to the development of the PTC effect are
analysis of these regions showed differences in composition, not fully understood. In this study, lattice, domain structure
lattice parameters and lattice plane coherency across the grain and resultant strains in Y20 3 doped PTC BaTiO 3 were
boundaries. Optimum doping in light of these structural investigated, and related to these microstructural features as
changes resulted in lower resistivity and enhanced PTC well as to bulk PTC behavior.
effects, the stress release being the driving force for sharp Experimental
PTC transitions. The materials used in this study were high purity

Introduction BaTiO 3 * with a Ba/Ti atomic ratio of 0.997, Yttria Nitrate
Ferroelectric barium titanate, BaTiO 3, is typically used pentahydrate and Zirconyl Nitrate hydrate.- The BaTiO 3

as the base material for non-linear positive-temperature- was ball milled with 0.0-3.5m/o of the nitrates for 12 hrs. using
coefficient (PTC) resistors. BaTiO 3 exhibits high intrinsic ZrO, balls in a 60vol% isooroovl alcohol-40vol% deionized
resistivity, > 1010 QIcm, when prepared in an oxidizing water solution. An addition of I w/o Menhaden fish oil was
atmosphere. Through controlled A-site doping using ions used as dispersant. A binder mixture of PVA and Carbowax, 1
such as La 3 +,Y3 +, Nd 3 +, or B-site doping using Nb 5 + or w/o each, were then added and the siurry bail milled an
Ta5 +, semiconducting properties can be obtained [1]. Within additional 1.5 hrs. Each slurry was spray dried and the
a very narrow dopant concentration range (0.1-0.3 m/o), powders uniaxially pressed at 20 ksi into discs, 1.6 cm
electronic compensation and n-type conduction result from diameter by 0.2 cm thick. All samples were fired on ZrO 2
the formation of Ti3 ÷ donor ions [1,3-61. This is accompanied setters in air at a sintering temperature of 1350°C/2 h. A
by ;'-cal distortion of the Ti-O octahedron and a change in the heating rate of 10°C/min was used up to 550°C/30 min to
local polarization field. The increased conduction in these facilitate binder and nitrate burnoff. After sintering the
materials is due to overlap of these polarization fields, samples were cooled at 100°C/hr to 1220'C and annealed in
resulting in small polaron conduction [2]. The associated air for 6 hours. A cooling rate of 100°C/hr. was then used to
positive temperature coefficient of resistance (PTCR) 800°C followed by furnace cooling to room temperature.

characteristics, manifested as a large increase in resistance (by Structural characterization of the materials was

several orders of magnitude) over a narrow temperature range accomplished using: High resolution TEM (Hitachi 9000 at
near the phase transition, corresponds to a disappearance of 300 keV) (Phillips CM-12, 420 at 120keV) techniques for
the spontaneous polarization and a change in the lattice determination of grain boundary and domain lattice
structure [1,3-6]. structures. Phase distribution, uniformity and elementai

In the grain boundary region oxygen is adsorbe& during analysis was carried out using EDS (beam size 100-250 A).
annealing, reducing the Ti3 + concentration within thi,, re• :or An SEM (Hitachi S-800 at 20 keV) was used for grain size
[3]. Vacancies and defects can, likewise, diffuse to the grain analysis. Measurements for the dielectric and resistivity
boundary regions, becoming electron or acceptor trap sites responrsc_ were carried out within the temperature range of 25
[1,7-10]. Theories on the PTC effect suggest that a space 0-250°C at a heating rate of 5*C/min. Resistance
charge or barrier layer is produced as electrons move toward measurements were made using a constant voltage source at
the grain boundary, which acts to repel the electron flow. At 0.01 volts, in series with the sample and a picoscale ammeter.
temperatures below the critical ferroelectric phase transition, Computer simulation of the high resolution HOLZ patterns
low resistivity is found due to (+) spontaneous polarization using an EMS program was carried out in order to determine
charges neutralizing (-) grain boundary charges in lattice parameter of the grain bo ndary phases.
crystallographically coherent areas along the grain boundaries, * Ticon-HPB,TAM Ceramics, Inc., Niagara Falls, NY

creating a low resistance path [3,41. ** Aldrich Chemical Company, Inc. Milwaukee, WI
The domain structure and dimensions in doped (PTC) Results and Discussion

BaTiO 3, are comparable to the ferroelectric domain patterns Samrles made by doping the BaTiO 3 lattice with Y203
typically observed by TEM in undoped BaTiO 3 [11]. Across a (<0.25 m/o) and with Y20 3 plus ZrO 2 (2.0 m/o) produced
grain boundary, 90°domains can be found, but this domain microstructures with similar average grain size, 24 um, as
pattern is not common because a favorable crystal orientation shown in Figure 1. Comparison of the permittivity and
is required in both neighboring grains [11,12]. Within the resistivity behaviors versus temperature for the modified
PTC material, electron motion is encumbered by a spectrum samples are shown in Figure 2. As seen, the yttria plus
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Zirconia doped samples showed enhanced conductivity and domains wcthin the grain interiors. Comparison of the grain
PR? behavior. The dielectric permittivity of this sample, boundary regions of the two IYFC materials are given in the
likewise, correlated to the resistivi!\ behavior, showing a more '[EM images of Figure 3. Regions with no domain structure,
pronounced and sharper phase transition. which extended up to I j~m into the grains, were found to be

MW common near the grain boundaries within each sample, but
were randomlyv distributed. T'hese typical TEM images show

;4411r I 1ý ~ ~that onyrlaieysmall regions of continuous domain

structure tormn across the grain boundarie., in the yttria doped
samples. C'omparison ol domain w~idth between the interior
and grain boundary region ofthsaml(FgrsIad3A

sosamuch smaller d ortain width in the grain boundary. In
the vttria plus zirconia doped material larger areas of a fine

~4domain structure formied acros,, the grain boundaries as

'f= 7- -, illustrated in the TLNM of' Figure 311, in marked contrast to
~ the wide domain patterns in the grain interior (Figure 1C).

Fig. I SEM1 microoratpl cmp aring gra in size for PTC,
Bali03 doped %% iihý N\'()3 13) Y-1()3 + ZrO-,.
TEM imiages o[ ech~l I h% I g domI ain structure of
grain interior: U ) N D()I) 'Y + / r0,.

tBT- Z)

106 ~Freq tkH Z "l

10' (11TAi)

10 6

6 (tT.Y)(BT.YZ)
106 Bani 3 + "203 (0.2 ni/o) 0

E (rWU 1 5 (B- T-110 (lIT + Y) + Z-O2 (< 2.A nil) 0(113Y

2ý

.!to'

Fig. 3 TEM microuraphs comparing domain structures near
10' ----------- ________ the grain boundary for B3a~i0 3 samples doped with (A) N'20 3510 150 20(B) Y20 3 + Zr(V~

Temperature (*C)
Fig. 2 Permlittii\ lvand resistivity responses to temperature, Through the use of ('IIFI and H OLZ pattern analysis.
comparing efl'erctt o/ro, onl Y 20 3 doped samples. lattice parameter data as well as volume percent strain were

TEM imnages of the interior (donmain structture of these calculated for the different regions. Results are given in Table
mnateriails are also shownr in lHgurc I. As seen, both the yttria 1. For the Y,01 doped samples, a non-domain region is
and yttria plus zirconia samples show, similar wide banded observ'ed near the grain boundaries. This phase tended
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towards cubic, with expanded lattice parameters. In contrast, The fact that the effects with added Zr are obsers cd at
both the interior and domain regions along the grain boundary even low concentitrations of Y203, indicate that the N3-
featured tetragonal, reduced a-axis lattice structures. The partitions to the Tli 4 * site at all Y,0 3 conccntrations Ai thln
volume expansion mismatch (4 .0cý ) between the regions the PHC range. 1lhese results can he modeled by the folloking
create, therefore, an overall stressed condition along the grain shortened defect equations.
boundaries. The EDS data also shows a slight deficiency of (x) y3+ BaTiO 3 (x-v) Yla + (x)TiTi + (1
yttrium in the non-domain areas. (Y) Y-Ti + (y/2) Vij

With ZrO, additions, the grain boundary and interior Equation (1) holds for low dopant concentrations, and under
domain regions both featured expanded lattice parameters conditions where: (x > > y) for Ti rich samples. Here the
with a similar degree of tetragonality. In contrast, the non- substitution of y3* on Ba 2 - sites result in small polaron
domain regions along the grain boundaries were highly electronic compensation (TiTi), which ,ields n-type
pseudocubic, resulting in significant volume strains being conduction. Concurrent ionic defects formed are shown as
developed (9.0%). The result is a finer domain structure near some y3+ partitions to Ti4 , sites ,,ith oxygen .acanc\
the grain boundaries in the ZrO, doped samples although, compensation. The above TEM data indicate these ionic
within the domain regions the degree of tetragonality was defects segregate to non-domain regions along the grain
similar to that of pure BaTiO 3 (1.011). As shown by the EDS boundaries. With Zr added, the defect equation becomes:
data, the fine domain regions also exhibit a higher (x) Y3 * + (z) Zr 4 , BaTiOP[x-y+ z](yIi)+ (2)
concentration of Y and lower concentration of Zr than the z(Zr'l'i) + [y-z] (Y•li) +
interior domain regions. In contrast, non-domain areas near [x-y+z] (Ti-l/i) + [y-z]/2 (V6)
the grain boundary indicate little Y, but larger concentrations Equation (2) shows that the role of Zr4 ' is to displace yN3,
of Zr. These segregation effects, therefore, are consistent with from the B (Ti4 +) sites onto the A sites, a condition %,hich
ionic defect regions. would increase conductivity. Excess Zr also occupies Ti4 +

Table 1 sites, the effect being an expanded lattice parameter in the Zr

Lattice Parameters and EDAX Analysis modified material. The Ti4+ ions displaced to the grain

Using TEM, CBED and IIOLZ boundary enhance sintering through formation of a liquid

BaTiO3 c-axis a-axis c/a G.B. EDAX phase.
+ Strain Detailed high Resolution TEM imaging of the grain

(mol %) (A ±.002) (%) (Y%) (Zr%) boundary regions were carried out. One prominent type
features no domains on either side of the grain boundary and

0.24 nmo Y20 3  was much more prevalent in the y3+ doped samples. Figure 4
D.omi shows a detail of this type region, indicated as a narrow,Domain 4.028 3.991 1.009 4 0.3 '

Non- incoherent region along the grain boundary and occurring only
Domain 4.026 4.003 1.005 0.2 over a few lattice cells, as seen by the distortion from the

Interior 4.035 3.993 1.011 0.3 regular lattice pattern. In this region, no dislocations are
found to relieve the strain. Instead, there is observed a

0.24 m/0 Y203 + ZrO2 regular array of lattice distortion, seen as white spots, along
G.B. the grain boundary. Through computer simulation techniques,Domain 4.037 3.994 1.011 9 0.8 0.4
Non- these lattice distortions were calculated to be 0 vacancies. As
Domain 4.019 4.008 1.002 ---- 1.0 indicated, these areas of no domain region have also a

Interior 4.034 3.997 1.009 0.3 1.3 pseudocubic structure with a low concentration of y3+ (and
Ti3 +) ions, and are, therefore, non-conducting. TheseAs previously discussed, Y substitution onto the A-sites incoherent grain boundaries, which are permanent, therefore,

in BaTiO3 at low concentration results in some Tia reduction would present an effective barrier to electron transport.
to Ti3 ÷. The presence of the larger Ti3 ÷ ions should cause a The second type structure is found where a non-

lattice distortion to a more tetragonal structure, a condition domain region is adjacent to a domain region across the graitn

confirmed by the TEM and HOLZ pattern data, where a high boundary. For this condition, a similar incoherent grain

degree of tetragonality is observed even in the fine domain, boundary is formed, but with fewer or no oxygen vacancies

stressed regions. Conversely, the lower tetragonality in the the boundary As iniaed, the oran ren exhibit

non-domain regions indicate an essential absence of Ti3+ ions, greate gonary. w ith h h T omacncen ion, elatit

which, therefore, would be non-conducting. Preferential A- region of high ti A conction eletro

site y 3 + ion occupancy in these samples is also inferred from encont th ier regi, t r conducti vity
encounter the barrier region, therefore, low conductivity

the low resistivities obtained, as seen in Figure 2. Here, ZrO2  between grains might expected in thin regions where
additions (<2.0 m/o) to the Y20 3 doped BaTiO 3 samples polarization effects might dominate.
cause also a significant decrease in resistivity. The lower p ion effects tiegt te.
resistivityFigure 5 shows the third type grain boundary structure
compensation in the Zr-doped TC samples. (Ti3n)electronie where a domain region is continuous across two grains. In
TT:EM data, this condition corresponds ntes of ther these regions, a coherent grain boundary is formed, indicated
concentrata, of ains crontiong trrapnd to a higher by the modulated, lattice structure, in which there is little
concentration of domains crossing the grain boundaries and difference between the domain lattice on either side ot the
smaller non-domain regions along these boundaries.
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grain boundary. In these regions, low resistance paths sample, ahow diffuse transformations and poor PTC response.

develop, easily overcoming any grain-grain boundary These factors all relate to the grain boundary structure and

potential. resultant strains which develop and must, therefore, be

considered an essential part of the PTC response mechanism.

Conclusions
* Stresses in Y-doped BaTiO 3 PTC ceramics arise from the

coexistence of non-domain and domain phase regions, of

differing volumetric expansions, along the gram boundaries.
* With Y-doped samples the strain differential was -4%

compared to 9% for the Y+ Zr-doped samples. This resulted
in higher tetragonality and finer domains in the grain

boundaries, and also a sharper ferroelectric phase transition,

driven by release of the stress.

* The non-domain regions have been correlated to ionic

defects (Y'" and Vj;) which segregate to regions in the grain

botondaiy during annealing.

S * The PTC effect in B~aTiO 3 has been shown to be highly

dependent upon the existence of these structural regions along

2 W A the grain boundaries and the stress condition which they
Sgenerate,
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NONDESTRUCTIVE EVALUATION OF MULTILAYER CAPACITORS
USING ELECTROMECHANICAL RESONANCE PHENOMENA

SUN Hong-Tao, WANG Hong-Fang, ZHANG Liang-Ying and YAO Xi
Electronic Materials Research Laboratory

Xi'an Jiaotong University
Xi'an 710049, P.R.China

Under the mechanically free and clamped boundary exhibits electromechanical resonances similar to the ones ob-
conditions, electromechanical resonances of ceramic multilayer served in piezoelectric transducers. Based on mechanical vibra-
capacitors are calculated using vibration and piezoelectric equa- tion equation and piezoelectric equations, the electromechanical
tions. BaTiO 3- and Pb(Mg,, 3Nb 2, 3)0 3-based multilayer resonances around resonant frequency could be calculated. Be-
capacitors have been used to examine the theoretical calculation. cause no permanent polarization is built up within the dielectric,
Frequency spectra of impedance and phase angle, capacitance only induced polarization is parallel to the bias field and the sig-
and loss tangent of the capacitors under dc bias fields are nal field, MLC structure is favorable to expansion vibration
carefully measured. A sudden change around the resonant fre- while exerts high damping to shear vibration. Therefore, expan-
quency is observed in these spectra. A damped resonance indi- sion waves are only considered in the following. The pronounced
cates a defective capacitor while an undamped resonance is cor- resonance depends on the dimension of MLC construction. The
responding to defect free. Experimental results suggest that it is thickness resonance is damped by the electrode-dielectric inter-
possible to use the spectra as a real time nondestructive faces. The length resonance is also damped by the terminations
evaluation method. at either end of the capacitor. Only the width resonance is rela-

tively undamped. Fig.1 is a schematic drawing of MLC in a giv-
Introduction en vertical coordinate. To simplify the calculation, it is assumed

that MLC without delamination has a free boundary while
Reliability of electronic components becomes more MLC with delamination has a clamped boundary. All tensors

and more important for complicated electronic equipments and are labeled according to Voigt convention
systems c 11 . Ceramic multilayer capacitor (MLC) has been
extensively used in the field of electronics for its advantages of 12C•r I:
large capacitance and small volume. MLC is a composite struc- .eS

ture made from alternating layers of metal (electrode) and ce-
ramic (dielectric material). It is crucial to MLC production that
metal and ceramic materials should be well matched in sintering
over 1000 "C c2) . In oider to guarantee the product quality, the
capacitance of every MLC is tested before selling. However, the
passed MLC probably still has some defects which affect the re- T2riminat ion X3
liability of the capacitor while hardly change the capacitance. A
delamination between electrode and dielectric material is one of >
the most frequent and harmful defects in MLC. Currently, the
delamination is detected using destructive physical analysis %
(DPA) (3 . DPA only represents the quality of a batch of MLC, Fig. i Schematic drawing of a multilayer ceramic capacitor.
and is strongly dependent on sampling, sectioning and in-
specting.

The mechanical vibration equation of a contineous
Nondestructive evaluation (NDE) of macro-defects elastic medium is

of MLC is of great importance for quality control in mass pro- d2C 1T,)
duction. In recent years, most researchers are paying main atten- P 2 (- a
tion to NDE, especially to rapid testing of individual capacitor. dx Ix
Various methods have proposed for screening defective MLC, where p is density of the material, 4 is displacement, T is stress
for example, electrically excited acoustic emission ( , scanning applied on the material. No heat exchange occured in the mate-
laser acoustic microscopy 5) , corona current C 6) and rial around the resonance frequency. The piezoelectric equations
electromechanical resonance spectra c". Among these methods, under an adiabatic condition are used.
the resonance spectra are very attractive because of their S, =S, T1 +d31 E3 (2)
potentiality of application. It has not yet been achieved to identi- D d T E (2)
fy the exact relationships between defects and resonance spectra. D 3  1 d, T, + 6 3E3  (3)
Obviously, it is necessary to extend both theoretical and experi- where d and a are piezoelectric modulus and dielectric constant, s
mental research. and S are elastic compliance coefficient and strain, D and E are

electric displacement and electric field, respectively.
Calculation

The strain is the partial derivation of ý with respect to
MLC from ferroelectric materials, under a bias field, x, i.e.
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delamination condition is close to a free boundary while
S'_ ax (4) delamination condition can be represented as a clamped bound-

ary. In addition, the piezoelectric modulus is unknown, which is
In this case, the vibration equation associated with dependent on the induced polarization of MLC under a dc bias.
electromechanical resonances becomes It is difficult to calculate the exact data of the MLC resonances.

d a2 , Based on w w / (2 v) = x / 2 , however, it is easy to determine
P - 2 (5) the resonant frequency f, from the physical data of MLC listeddx' i ax, in Table I. For BT- and PMN-based MLC, the frequency con-

This equation determines the mechanical and electric parameters stants X w (MHz.mm) are equals to 2.5 and 1.7 respectively.

in the resonant region. 7f))
13- 1 Sads HI C

In the resonant region, a simple harmonic vibration
satisfies the vibration equation (5).

ý,--ýe• (6) ,, w (oni

where /is imaginary, co (= 2n.) is angular frequency and I is
time. The amplitude of the vibration ý is

--A cos( W x 1) + B sin(x 4, ) (7)
V I -V1lI _ _ __

where A and B are constants to be determined from a boundary
condition. The sound velocity is as follows. (a) f w til imll)

v 1 (8) ) , wui i

I .dll 1hi ., I l
Two extreme cases of free and clamped boundaries are used to
determine A and B . The boundary condition is T,=O when
x---O or w (MLC width) for a free boundary, and S,--O KfOil....
when x,=O or w for a clamped boundary. After simple
methematic derivations, dielectric constant e ( = D3/ E3) can
be obtained.

-/(frill

For the free boundary, dielectric constant is 3
2

-- e 3 + dW 2 g w( (b) fW (f4l IzmmM
3,, cw 2v

For the clamped boundary, dielectric constant is Fig.2 Calculated dielectric frequency spectra under the condi.
E £ 933 (10) tions of free and clamped boundaries for (a) UT- and (b)

PMN-based MLC.

Table I lists some physical data of BT- and
PMN-based ceramics. Using the data given in Table 1, the
electromechanical resonances under the two extreme boundary
conditions are calculated from equations (9) and (10), as plotted
in Fig.2. It is confirmed that the clamped boundary results in Measurements

disappearence of the electromechanical resonances.
Generally, the resonant frequen-y is in the range of

Table I Some related physical data of BT- and PMN-bascd several MHz for most of MLCs, since their width is always in
ceramics. the mm range. In order to exite the piezoelectricity of the

dielectric, a dc bias should be applied on MLC during the
Materials BT PMN measurement. A computerized low-frequency impedance ana-

p(10 3 kg/mr3 ) 5.7 lyzer is used to measure the resonance behaviors of MLC. The
3 analyzer has a frequency range from 5 Hz to 13 MHz and a dc

£33/ £ 1700 : 8000 bias of up to 35 V.

d31 (10-1 C/N) -78 -200

s" (10-12 m2 / N) 7.0 11.2 Fig.3 shows the frequency spectra of capacitance of
- PMN-based MLC under OV, 20V and 35V dc bias. From this

v (mn / S) 5000 3400 figure, it can be concluded that the measured resonances are due

to the induced piezoelectricity. No resonances of inductance and
Actually, the electromechanical resonance of capacitance of the electric circuit and the capacitor are take

piezoelectric MLC is between the two extreme cases in which no place in our measurements.
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Because the piezoelectricity of M [.C is not polarized

0 _ permanently, the electromechanical resonances take place only
IN ldaerU H(C in case of a applied bias V.. It has no doubt that, the stronger a

0U 10 35 dc bias, the stronger the resonances are. It is very interesting that
U 01 the bias effect on the contrast, under 35V dc bias, obeys the

i,- 004same experimental relation ( V2 ', for 7, 0,, C, and tgii,,

C) "j 2UV i.e. impedance, phase angle, capacitance and loss tangent at res-
"0 0t .onant frequency. This means that the piezoelectric modulus is

-U Oil proportional to the appiicd bias. Fig.5 illustrates the bias depen-
dence of the C, contrast of PMN-based MLC. From this fig-

1 0 14 ure, it is concluded that a large bias enhances the contrast.
f 1 ~ l to I4 - _ 1 I

Fig.3 Frequency spectra of capacitance of PMN-based MLC /
under OV, 20V and 35V dc bias. U-_ /I

The electromechanical reonance phenomena of MLC
are observed in the frequency spectra of impedance 7 and phase 0 0 _- o ..... ,
angle 0, capacitance C and loss tangent tgb. Which is the best

candidate for the nondestructive evaluation? The contrast and t,
repeatability of the spectra are most important for the applica-
tion of NDE. The contrast or the hight of resonance peak ,
(hereinafter, the subscript r) indicates the sensitivity to a
delamination of MLC. The repeatability or reproducibility Fig.5 Bias effect of PMN-based MLC on the electrome-

means the stability of the resonances measured from time to chanical resonance.
time. In addition, a low dc bias is very convenient for a rapid
real time testing. Two types of MLCs from BT- and Results and Discussion
PMN-based materials are chosen for this examination.

To demonstrate the difference among these four

Because most MLCs are 'sed around room tempera- spectra, the electromechanical resonances of capacitors were

ture, it is preferable that the evaluation is carried out at room measured at the same condition. Fig.6 and 7 show measured re-

temperature. But it may be asked how wide is the temperature sults of BT- and PMN-based MLC respectively. For

range for the evaluation. Fig.4 shows a temperature dependence PMN-based MLC, it can be found that the contrast is the best

of C, (capacitance at resonant frequency) for PMN-based for 0 and tg6, good for C and bad for Z. The constrast of tgb is

MLC. It can be seen that the suitable temperature is from 0 I the highest in the four spectra for BT-based MLC. If a higher

to 50 IC which is in agreement with the operation temperature. bias is applied on BT-based capacitor, the constrast of C is bet-

Similar phenomena are also observed in the other spectra of ter. Several batches of MLCs over hundreds of samples were
PMN-based MLC. The temperature effect of the resonances of carefully examined at different conditions and times. The results

BT-based MLC is the same as that of PMN-based MLC. All indicate that the Z spectra of PMN-based capacitor have the

measurements in this paper are performed at room temperature highest repeatability, C is the second, and 0 and tgb are the last.

except indicated. The four spectra of BT-based capacitor is all good. These con-
clusions are summaried in Table 2. In overall, the C spectra of
PMN-based capacitor are the best way for the evaluation of
PMN while the tgb spectra are best for BT-based MLC test. In

0.to addition, all MLCs tested have the smallest fluctuation of

I'MW-8Bsed Ac capacitance and dielectric loss under no dc bias. This is benefi-
0 08 .3v [has cial to the rapid testing in mass production. It is not difficult to

understand this phenomenon from the above calculation. The
0 of) capcitance resonance is a direct effect while the others are

-- o oindirective for relating to real part of impedance.

Uo, Tablc 2 The contrast and repeatability of the clcctromechanical
resonances.

0 00

0 '0 40 60 HO IOU Spectrum Z 0 C tg6

I Contrast Poor - Good - Poor ExcellentBT Cotat GoGod Go

Repcatability Good Good Good Good

a oMContrast Poor Excellent Good Excellcnt
Fig.4 Temperature dependence of the electromechanical reso- PMNL Repeatability Excellent' Poor Good Poor

nane of PMN-based MLC.Po
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Using the computerized impedance analyser, many
capacitors were tested. The statistical distributions of tg6, and
C, of a batch of BT- and PMN-bAsed MLCs are given in t,,t, -,deJ ,K
Fig.8 and 9 respectively. A damping resonance suggests that the
MLC has a delamination. On the contrary, an undamping reso-
nance means that the MLC is without delamination. In these
figures, delaminated MLC is located in the left while good MLC _

in the right. The quality of MLC locatf-d in the middle depends
on the screening criterion. to

OI) iased MILC (it) U) uJ U4 ,it, 1 U b U 0 to
),V 8ias

3)0 N-WiU (a)

I1) 110

40 Fuv 8 as

t11 U0 12 tU 24 11 316 U .111 U 60 1
3ot: lit,,. I7

Fig.8 Statistical distribution of the resonant loss tarngent tgb, to
for 100 BT-based MLCs.

01U0 ) 0U 0 04 Uf, 0 1)) 0 10
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50 Ey Bidas (b) Cr{ilF
N- iuu
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Fig. 10 Statistical results of the resonant capacitance C, for two
-3.batches of PMN-based MLCs including (a) 10% and (b)

20 40% defects by statistics of DPA.
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Destruction Mechanism of Multilaver Ceramic Actuators
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Destruction mechanism in multilayer ceramic actuators has been Results
investigated under cyclic electric fields. Crack propagation has been
observed dynamically using CCD microscopy, and the accompanying Crack Propagation: Crack generation and propagation resulting
characteristics of the induced displacement and acoustic emission were from the internal stress was obsered and recorded dynamically using a
measured simultaneously. The piezoelectric Pb(Nil/ 3 Nb 2 / 3 ) 03 - CCD microscope and a VCR. Figures 3(a) and 3(b) show typical crack
PbTiO 3 and the phase-transition-related actuator material propagation processes observed for the PNNT and PNZST samples
(antiferroelectric) PbZrO3 - PbSnO 3 - PbTiO 3 exhibit a remarkable (200 gam in layer thickness). The crack initiates at the internal
difference in the destruction manner probably due to the strain electrode edge in the PNNT sample dnd propagates to another
induction mechanism. The effect of layer thickness on the ciestruction electrode obliquely, also outward of the electrode and along the
process has also been studied, ceramic-metal electrode interface. On the contrary, the crack starts

between the pair electrodes slightly inside the electrode edge in the
Introduction PNZST, then propagates along the center area, finally branching

around the electrode edge. It is noteworthy that the crack opens wide
In these several years piezoelectric/electrostrictive ceramic -under the electric field and closes at zero field.

actuators have become very popular for micro-positioning in optical
and precision machiner fields and active vibration suppression in This difference is probably due to the difference in internal stress
mechanical structures. The expanding number of applications of distribution. The sign of the longitudinally - or transversely-induced
ceramic actuators has made the endurance of the devices very strain is opposite in the piezoelectrics, while in antiferroelectrics
important. undergoing a phase change, rather isotropic expansive strains are

induced in both directions. Therefore, the internal stress distribution in
This paper describes the destruction mechanism of multilayer- antiferroelectrics differs from that of piezoelectrics.

type ceramic actuators observed by optical microscopy, induced
displacement and acoustic emission measurements, and proposes a Similar crack propagation processes were observed in the
safety system which can stop the actuator before its troublesome sudden different layer-thickness samples, however, significant differences
complete collapse. were recognized in the fracture toughness. Figures 4(a) and 4(b) plot the

layer thickness dependence of the critical deformation cycles required
Experiments for the initial crack generation and of the crack propagation speed per

drive cycle (measured in PNZST). A dramatic improvement in the
Multilayer model actuators were prepared by tape casting fracture toughness is obtained in the thinner layer sample, even though

method. The samples simulating the interdigital electrode the driving electric field is the same of all samples. The reason is not
configuration [Fig. 1(a)I used in this experiment have only one internal clear, but it may be related to the ratio between the grain size and the
ceramic layer with a thickness of 100 gim, 200 pim or 300 lam, as shown in layer thickness.
Fig. I bW. Displacement Changes during Failure: The destruction of the

The piezoelectric Pb(Nil/ 3 Nb 2 / 3 )0 .6 Ti0 .403 (PNNT) and the device brings a change in the induced displacement. Figures 5(a) and
phase-transition-related actuator material Pbo. 9 9 N bo.0 2  5(b) show the variation of the induced displacement during the crack
[(Zro.7Sn0.3)0.95STiO.0 4510, 9 80 3 (PNZST) were prepared, and the propagation process for the model actuators of PNNT and PNZST,
average grain size of the device was roughly the same (-5 jgm), respectively, with a layer thickness of 200 gim. The displacement is
inaependent of the composition and the layer thickness. The PNZST is enhanced remarkably at the initial stage; this can probably be
initially antiferroelectric, but changes into ferroelectric under an attributed to the bending deformation associated with the crack
applied electric field. 2  

Rather isotropic expansive strains are
associated with this phase transition, and the magnitude of the strain deformation cycles leads to a decrease in the magnitude of the
(-1.5 x 10-3) is twice larger than that of the piezoelectric PNNT. The displacement. The effective electric field in the ceramics decreases
longitudinally and transversely induced strains in the piezoelectric because the narrow air gap is associated with complete crack

PNNT are 0.8 x 10-3 and -0.3 x 10-3, respectively, with opposite sign.
3  

formation.

Note that the multilayer model actuator used in this experiment Variation of Acoustic Emission: Acoustic emission (AE) events
exhibits an exaggeratedly large internal stress concentrated around the were counted during the destruction process of the PNZST sample with
electrode edge so as to accelerate the failure of multilayer actuators. a layer thickness of 200 mm (Fig. 6). The AE count increases remarkably

after the crack initiation, reaching a maximum at 60 cycles, where the
Figure 2 show the measuring system composed of a CCD crack propagation speed is maximum, and the largest displacement is

microscope (Toshiba, IK-C40), a displacement sensor (Millitron, Nr. observed. Later, the AE count leveled off after the crack was
1301) and an acoustic emission sensor (NF Circuit Design Block, AE- completed.
905). The sample was driven by a triangular electric field of Emax = 2-
4 kV/mm at 0.1 Hz.

CH300-0-7803-0465-9/92$3.00 ©IEEE 195



//n t eo rnoe Ii Mon trCCC~r

00 Ooec t:e Lens

-- - r ~ 7 At Sen~sor
-Amp. L Ap. -

Generat or Votee D spl cement
Sensor Pr e. -Am.,

Fig. 1 Structure of (a) conventional multilayer actuator with an ~ jls~jCmue
interdligital electrode, and (b) electrode configuration of a ~mao
model actuator used in this study.

Fig. 2 Measuring system for the crack propagation experiments.
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Fig. 3 Crack generation and propagation process in the multilayer model actuator.
(a) Piezoelectric PNNT, and (b) antiferroelectric PNZST.
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Fig. 4 Layer thickness dependence of the critical deformation cycle required for the

initial crack generation (a), and of the crack propagation speed per drive cycle (b).
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Fig. 5 Variation of the displacement during the destruction. (a) PNNT and (b) PNZST.
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The AE count change was also monitored for a 200-layers sample
of PNNT (10 x 10 x 20 mm-') with aging time.4 An accelerated aging test
was performed by a rapid-heat treatment up to 100'C in a second.
Figure 7 shows that the AE count increases by three orders of magnitude

oc 0 at the final failure of the device in comparison with the virgin state.S00The monotonous increase of AE may be attributed to successive
accumulation of cracks generated in the actuator device.

"W 0 Summary and Discussion2
< 500-

The crack generation and propagation in multilayer ceramic
actuators was observed dynamically during cyclical electric fields. In

SI piezoelectrics, the crack initiated near the edge of the internal
0 200 4 0 0 600 800 electrode and propagated basically in three directions: two cracksmoved toward the outside electrostrictively inactive region forming an
Number of Deformation Cyc e angle of 100" with each other, while the third moved along the

ceramic-electrode interface. This behavior can be explained
theoretically based on finite element calculations. 5

Fig. t) Changes in acoustic emission count during the fracture On the contrary, in antiferroelectrics. the crack begins slightly
process measured in a model actuator of PNZST. inside the edge of the internal electrode and propagates along the

center area between the pair electrodes. Later crack branches are
_00000 generated around the electrode edge. Theoretical calculations are now

Oo 0 in progress.

0 0 In both cases the apparent displacement becomes slightly larger
10000 - 0o 00 than that of the virgin state, and the AE count increases drastically

0 0 associated with the crack propagation.

0 0 0 0 Finally we propose a very smart actuator system containing a
: 0 safety feedback function (Fig. 8), which can stop an actuator drive
0 0 safely without causing any serious damages on to the work, e.g. in a
U ~ 0

0, 0 0 0 precision lathe machine. The AE might be one of good predictors for100, r0,45 0 0 actuator failure. A certain level of the AE count will indicate a timing0 0 oto replace the ceramic actuator.
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FERROELECTRIC PHASE SHITFERS FOR PHASED ARRAY

RADAR APPLICATIONS

Donald C. Coli

Norden Systems, Inc.
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Norwalk. CT 06856

ABSTRACT THE FERROELECTRIC PHASE SHIFTER

The traditional rotating reflector antenna associated with airport traffic The ferroelectric phase shifter design is based on a ma.,,al whose dielectric
control systems is being replaced in some applications by a new design permittvity can be made to vary by application of a DC electric field, parallel
concept called the phased array. Generally planar in shape, it is made up of to the polarization of the RF energy, and normal to its direction of
thousands of closely spaced, individual radiators whose composite beam can propagation. Variations in permittivity alter the RF propagation velocity, and
be shaped and spacially directed in microseconds, enabling it to track a if placed inside a waveguide structur, will change the cutoff wavelength and
multitude of targets at one time. This is accomplished electronically by RF dispersion of the waveguide itself; the two effects translate into propagation
phase shifters associated with each individual radiating elemenL No moving phase variation. A short waveguide section containing ferroelectric material
parts are required. would constitute the key element for accomplishing electronic scanning of an

economical array antenna configuration. Such a section is the waveguide

State of the art, passive phased array antennas am limited in their application flange illustrated in Figure 2, a phase shifter developed at Norden Systems

by cost, more than any other factor. Even utilizing the latest technology and with the assistance of United Technologies Research Center (UTRC) in

fabricating techniques, the required phase shifters are not cheap, and with a Hartford, CT.

typical array requiring thousands of individual antenna elements, each with
its own phase shifter, the price of the total system quickly becomes It consists of a material sample placed in a Ku-band flange whose
prohibitive, b-dimension is decreased from 0.311 inches to 0.100 inches by means of a

gradual taper section on either side of the phase shifter flange. See the photo
INTRODUCTION of Figure 3. The height taper allows lower voltages to be applied across the

sample to achieve a given electric field.

This paper proposes the use of ferroelectric materials in the design of phase
shifters for RF applications as a means of overcoming the limitations of The voltage requirement is lowered further by splitting the sample in half
current technology. A simple and novel design will be outlined, and test along the a-dimension of the flange and depositing a thin conductive layer
results presented. (Refer to Figure 1.) between the two halves. A voltage is then applied to the center conductor,

creating a vertical E-lleld to the grounded flange. Matching layers are placed

Numerous attempts have been made to lower the cost of phased array on either side of the sample to couple the RF energy in and out of the

elements. Investigations into the use of PIN diodes were carried out in the material. These rectangular layers of dielectric are needed in the design of

1960's and '70's, since they lent themselves to a cheap phase shifter design, the phase shifter because of the impedance mismatch between air and the

but no way was found to avoid the high insertion losses that their utilization high permittivity ferroelectric. If not dealt with, most impinging radiation

entailed especially at Ku band and above. Ferrite phase shifters have gained would simply be reflected off the front face of the material. The energy can

popularity in recent years, as initial problems of weight, size and operational be coupled efficiently, however, by the appropriate use of matching layers.

speed have been overcome, but their unit cost and complexity have
prevented them from becoming the building block that array designers are One barrier to the application of ferroelectrics to device designs has been the
searching for. As a result, phased array antennas are still for the most part unavailability of a low-loss voltage-tunable material. Recently, a material
an expensive luxury in the defense industry arsenal, limited to specialized developed by Penn State Materials Research Labs was reported to exhibit a
applications in which antenna cost and complexity are outweighed by permittivity of 3000-4000 with a loss tangent less than 0.01 in the centimeter
unusual mission requirements. wavelength region. The material is a member of the Perovskite family, a
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Figure 3. Photo or Phase Shifter The insertion loss was measured in the same test setup. Its value. - 13.4 dB
at 16 GHz, was for too great to consider the waveguide flange a serious
competitor in the phase shifter marketplace. The reasons for this large

ceramic consisting of a combination of barium and strontium titanate (BST). insertion loss were then examined.
The BST family of ferroelectrics has long been advocated for use in RF
applications. Norden Systems uses the EEsof RF simulation software called Touchstone.

With this desigp aid, the waveguide flange with ferroelectric material,
With the assistance of technicians at UTRC, the Penn State ferroelectric adhesive and matching layers was simulated. When the graphs of the
material was inserted in the waveguide flange and coupled to the waveguide insertion loss and RF phase in simulation matched the plots obtained from
taper sections via the dielectric matching layers. The test fixture consisting of the HP 85 10 (see Figure 6), it was discovered that the ferroelectric material,
the flange and waveguide tapers was connected to a Hewlett Packard 8510 instead of measuring a loss tangent on the order of 0.01 had in reality a loss
Network Analyzer and to a source of DC voltage. As the voltage was tangent of 0.147.
incrementally increased, the change in phase of the RF signal was recorded.
A chart showing the superimposed phase curves vs. frequency, as viewed Clearly, this particular sample of BST was not suitable for commercial
on the network analyzer screen, is illustrated in Figure 4. Each curve applications. It was next postulated what the behavior of the phase shifter
represents the phase of the RF signal at a given DC voltage excitation, would have been had the loss tangent been as advertised, or approximately

an order of magnitude less. Figure 7 shows the effect on the insertion loss.

The test results are plotted as a single curve in Figure 5. Such a sample of ferroelectric would have held promise.

A future low-cost, two-dimensional, beam-agile planar array utilizing

SV AND M1 fermelectric phase shifting technology would be attainable, depending on
REF 0.0- several factors:
1 45.0*/V7 -4.sags.

P SCALE a. The material loss tangent goal of <.01 must be reached. Loss tangent
:.D'4s• translates into insertion loss, and one-way losses on the order of 1-2 dB

would be competitive in today's market..
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Figure 4. Network Analyzer Graph of Superimposed Phase Curves Figure 6. EESOF - Touchstone Software Simulation

vs. Frequency
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Modified Lead Scandium Tantalate for Uncooled LWIR Detection and Thermal Imaging

R.W_ Whatmorel, N.M. Shorrocksi. P.C. Osbondl. S.B. Stingfellow, C.F. Carterland R. Watton 2

(1) GEC-Marconi Materials Technology Lid, Caswell, Towcester, Northants, NN 12 8EQ, UK
(2) Defence Research Agency (Malvern), St Andrew's Road, Malvern. Worc,, WR 14 3PS, UK

Lead scandium tantalate tPS) has been shown to have In the last tew years, there has been considerable interest
exceptionally good pyroelcctric figures of merit, especially for in using ferroelectrics close to their Curie temperatures and
small detectors of the type involed in the large arrays needed under an applied electrical bias field. This so-called 'dielectric
for uncooled solid state thermal imaging. This paper will review bolometer' mode of operation has been shown to give higher
the properties of PST in relation to those of other materials performance figures-of-merit than can he achieved in
which have been considered for use in this role and discuss how conventional pyroclectric materials, particularly for large arrays
dopants, including K/Bi. Nb. Ti and Zr can be used to modify of small detectors for solid state pyroelectric thermal imaging 16.
the properties of the material in a way which would be beneficial The advantages which are generally achieved by operation in this
to certain modes of detector operation, particularly with respect mode are very high pyroelectric coefficient,; (typically an order-
to the elimination of the requirement for cooling. FD figures-of- of-magnitude higher than conventional pyroelectrics) and low
merit of over 20 x l()- 5pa- 1/2 are reported. A concern for the dielectric losses. The high dielectric constant which might seem
user of devices under electrical bias is the possible change in the to be a disadvantage of operating near Tc in fact serves to give
properties of the active material with time. This is particularly so good matching of a small element's capacitance to the
in the case of dielectric bolometers where they are subject to capacitance of the amplifier.
high bias fields (up to 5V/pm) for extended periods. The results This paper discusses the optiiui._. " the material for
of measurements of the properties of PST after ageing under use in pyroclectric thermal imaging armn. - ome examples of
such fields are presented. The major observed change is in the devices using these materials.
dielectric loss which increases gradually due to a thermally
activated process, showing an increase in loss of about 20%7 Material Choice and O1timisation
after 50(W) hours ar 10("C, corresponding to >5 years at or
below 70(C. Thes.,e changes are acceptable for device In the discussion which follows, the materials figure-of-
applications. Single element detectors have been made using merit 10 which most closely describes signal-to-noise ratio will
PST and their properties assessed in comparison with be used to compare materials. This is FD = p/(c'lrrotan8I 1/2)
conventional P!7roelcctric ceramics. It has been shown that
detectivities (D ) of 2.5x 108 cmHztI/ 2 W-I can be obtained for I (where p = pyrolectrie coefficient, £ = dielectric pernittivity.
"tn2 detectors. These are 40cl greater than f'or a detector of the tan8 = dielectric loss and c' = volume specific heat). The voltage
same design made with a standard pyroelectric material (a figure-of-merit Fv = p/e'cco will also be used. It should be
modified lead zirconate). Decreasing the area of the detector to0.1ram gives a D* of 7x 1(f cmH, l/2w-1I noted that p and r" (and thus FD) are strongly dependent upon

1mm gapplied field and temperature and must be measured over a range
Introduction of conditions when dielectric bolometer operation is being

The prime drive tor infra-red detection and the associated considered. c and tan8 should also he measured at the frequency

thieimal imaging equipments over the past twenty years has been of interest (usually 50 to 20011 for thermal imaging
for militaiy night vision, target acquisition and missile guidance. applications).In rcen yers. equremnts n tis ieldhav tunedThe development of an optimise'd pyroelectric ceramicIn recent years. requirements in this field have turned based on modified lead zirconatc has been extensively discussed
increasingly towards technologies with the potential to deliver
lightweight compact and low power imaging heads. The non- elsewhere 13, 14 ,17 and will not be repeated here. Table I gives
military applications of such heads in thermal imaging are also the properties of a hot-pressed ceramic with composition
very wide, including product inspection for fault isolation and PbI(Zro.58Feo.20Nbo.20Tio.02)o.995U(.O0510 3 . This is

quality assurance'. fire detection and prevention (eg, in aircraft2  referred to as Mod.PZ. The room temperature FD for this

and around spacecraft'3), remote temperature measurement (eg, material is typically -2.85 x l)5pa- 1/2.

in aeromechanics 4 or in laser boat treatment of materials 5 ),
medical diagnosis 6 , monitoring of burns patients 7 and Table 1
automotive vision enhancement 8 . The most important move to Electrical Properties of Mod.PZ Pyroelectric
make such applications practical is the development of uncooled Ceramic
thermal imaging. recognising its significant advantages in the
above aspects in comparison with the cooled photon detector p(20{C) = 4.1 x 1(-4 Cm2 K- 1

technologies with the implications of bulky and expensive
cryogenics. The result has been the development of uncooled r (80Hz) = 350
thermal detectors, particularly based on the use of pyroelectric tan8 (80Hz) = 0.W094
ceramic materials.

The applications of the pyroelectric effcct in infra-red c' = 2.67 x 106 Jm- 3 K-1

detection and thermal imaging have been extensively reviewed 9 - D = 2.85 x l05 Pa-"2

12. Pyroelectric detectors generally consist of thin flakes of a
fcrroelectric material, electroded on the major faces and
connected to a high impedance PET buffer amplifier. The The ferroelectric PbScI2Ta1/203 (PST) 2 1 .22 has been
temperature change generated by the absorption of the IR energy shown to give excellent figures-of-merit when compared with
releases charge which appears as a voltage across the detector other materials such as KTaxNb I -x11 3 ( KTN) 18,
element. Pyroclcctric ceramics have many advantages over BaO.65SrO.35TiO3 (BST65/35) 19 and (Pb0.99La0.01)
alternative materials, amongst which they offer electrical (Mgl/3Nb2/3)03 (PLaOIMN) 2 0 . It is also relatively easy to
properties which are easily modified by doping combined with fabricate as a fully dense, stable ceramic by hot-pressing.
low potential manufacturing costs and the provision of large Figure 1 shows the temperature dependence of FD under a field
areas which make device production very economic. A of 5V/prt when compared with BST65/35 and Pla~lMN under
particularly promising system has been developed which similar field conditions and Mod.PZ at zero bias (ie, in
modifies PbZr03 by solid solution with Pb2FeNbo6 and pyroelectric mode). It can be seen that the FD for PST is 3.5
PbTiO3, with the inclusion of U03 as a conductivity controlling times the value for Mod.PZ at 25°C. The PST ceramic FD peaks
dopant 13.14 Further improvements to this system can be at a value 80% greater than its nearest dielectric bolometer rival
engendered 15 by using substitution of Sr 2 + for Pb 2+. (BST65/35).
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Fig. I. Variation of FD with temperature for several dielectric Fig. 2. Variation with temperature of the dielectric permittivity of
bolometer materials compared with Mod.PZ. several modified PST ceramics (a) PSTN25, (b)

PSTN40, (c) PBK02ST, (d) PBKO3ST. (e) PST.

Dooed PST Ceramics 25% ordering, compared with 65% for PBK02ST or undoped
PST. The peak value of FD obtained from PBK02ST

The use of ferroelectric ceramics in dielectric bolometer compared well with that from undoped PST, but shifted
mode has the slight disadvantage in relation to conventional downwards by about 25'C. The PBKO3ST was interesting in
pyroelectric mode that the material must be temperature stabilised that FD was almost independent of temperature over the range
in the region of (usually just above) Tc to gain optimum assessed. In this sense, it was similar to PLa0lMN 20 (see
performance. If external operational temperatures can range Figure 1) but PBK03ST has an FD about 21% higher for the
from -40 to +70'C and Tc is chosen in the region of 25'C, this same applied field. This material would be expected to give very
will entail heating the material from the low external temperature useful performance over a wide range of temperature, in a
end and cooling it from the high. While thermoelectric coolers situation where temperature stabilisation is impractical. The two
are readily available, the task of providing up to 30'C of cooling curves for PSTN25 correspond to before and after annealing at
while coping with an array dissipation of a few hundred 1150'C for 10() hours, which gave a large decrease in dielectric
milliwatts can take cooling powers of a few watts. Generally, it loss and a corresponding increase in FD. The annealed material
is much easier to provide heating than cooling. Hence, a Tc would allow the optimum operating range of a detector to be
towards the upper end of the external temperature range is increased by about +200C with no degradation in detector
desirable. sensitivity.

Several dopants have been explored to assess their The dielectric properties of solid solutions with PbTiO3
effects on Tc and electrical properties in the PST system. These and PbZrO3 of the types c and d above are reported
include: elsewhere 2 5. Figure 3b shows the variation of FD for PSTTIO

and PSTZI2.5 in comparison with undoped PST. It can be seen
a. K+. Bi3 + as a balanced A site substituent for Pb2+, that here again, significant increases in optimum operating

formulated as [Pbl-x(K0.5Bi0.5)x](Scl/2Tal/2)03 and temperature have been obtained at quite modest doping levels.
coded here as PKB(x. 100)ST. The peak value of FD obtained for the PbTi03 doped material is

quite comparable with that for undoped PST, while the PbZr03
b. Solid solution between (Pb(Scl/2Tal/2)03)1.x doped material shows significant improvements at high

(Pb(Sc l/2Nb 1/2)03)x coded here as PSTN(x. 100). temperature, peaking at over 20 x 10-5pa f/2.

c. Solid solution between (Pb(Scl/2Tal/2)03)l-x (a) is _. - "-PST
(PbZr03)x coded here as PSTT(x. 100). _.PSTN25 afer annealing)

d. Solid solution between (Pb(Scl/2Tal/2)03)1-x , 10 - PSKO2ST
(PbZr03)x coded here as PSTZ(x. 100). PSK03ST

- PSTN25
The dielectric and pyroelectric properties of hot-pressed

ceramics in all these series have been explored in detail. The
effect of K+.Bi 3 + substitution as in (a) is to reduce Tc, while 0 20 40 60

making the phase transition more diffuse. The substitution of Temperature( C)
2% of K+, Bi 3 + for Pb reduces the zero bias Tc from 25°C in
undoped PST to around 00C. Conversely, the solid solution (b) 24 ./._.eSTZ12.5
with lead scandium niobate tends to increase Tc (as would be
expected as PSN has a Tc of about I 100C when well ordered - /
with respect to Sc/Nb 2 3). The variation of dielectric constant , 18
with temperature for both types of dopant are shown in Figure - pSTrT0
2. The upward shift in Tc given by the Niobium substitution did 12
not, interestingly, follow Vergard's law and while a Nb:Ta ratio
of 1:3 was expected to give an upward shift in Tc of about 15'C, _ __--_',

the observed behaviour was non-linear and a 2:3 ratio was 0 20 40 60 so
needed. Figure 3a shows the FD values (at 5V/gm) for some of Temperature I C)
these ceramics when compared with undoped PST. It can be
seen from Figure 3a that PBK03ST has a very much broader Fig. 3. Comparison of FD/temperature for several modified PST
dielectric peak than either PBK02ST or undoped PST. The ceramics (a) PSTN25, (b) as (a) after annealing, (c)
PBK03ST shows pronounced relaxor behaviour associated with PBKO2ST, (d) PBKO3ST, (e) PST, (f) PSTTIO. (g)
low B-site ordering 23 . X-ray diffractometry2 4 suggested about PSTZ 12.5.
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(a)Ageing Qt PSI Ceramics RoAem as

It di, a l eattr of soome cd cers that the ue ofnbias fields
in dielectrik holonieer detectors should not cause long term
degradation of the relevant properucs of the material or lead to)0 -D--- ""- /'1/
dielectric breakdo'n. For the study of ageing in PST, single 125 70

element detectors 1.5mm square and 31 am thick were 0.5 .-- ,- .. 1
0.

assembled i (ic-windowed cans with dry N2. These were 100
aged in hatwhes of 10 under 155V (5V/pnm field) at (Zfr F

temperatures ranging from -2) (CC to +125°C. Periodically, their 50 25
properties were assessed at 20"C anu 5V/pm bias field. Control 0 Lt 15 , 25

batches were stored at room temperature and 7t0'C with no bias 1 10 10 10, 10'

field. The pyroelectric voltage response was measured at 8(IHz, lTime (hours)
referred to a LiTaO) standard and using a 5(MfK black body. c
and tan6 were measured at IkH/ using a GR bi' lge at 0.5Vrms. (b) R ,aw , """
Loss was measured 90s after applying the bias. The observed -" " . 70 --

loss decreased with time, taking about 30 minutes to stabilize. 0.2

The 90s data was consistently 10'71 higher than the stable value 0125
As relative changes are analysed, the basic conclusions are C N"
unaffected by this. C 70

In general, the dielectric loss, capacitance and
pyrk,:loctric voltage response tend io increase with time stored
under bi'as, very approximately linearly with log (time) see
F-igures 4a, b and c. The changes in dielectric loss were most
significant. Several null results have veen observed. There 50 ,
were no significant changes at -20°C, 155V (19W0 hours), at 0 1 10

Lý1 10 102 10" 10-
20'C, ()V (two years), and at 70'C, OV (47(W) hours). The
increase in loss was independent of frequency (60- I(KXM)Hz). Time (hours)
The process of assessment involved applying and removing a (c)
strong electric field many times. One sample was switched like RP.Vufse Boas
this 11MA) times (203C, -0.511z) with no effect on capacitance 0.4
and loss. ,1- .. -Z ,

Figure 4 shows that storage under bias in the paraclectric 70 70
phase gradually increases the dielectric loss under bias in the 0.2 --------------------- •-70
ferroelectric phase of PST. doubling after 35(M) hours at 1( 00C. 100
The process is thermally activated, the rate increasing by about p- 25
an order of magnitude every 25",C. This corresponds to an 0 -1 ' I
activation energy of leV. The change in capacitance. Figure 4b, 1 10 lO, 10, lO'
is slower. The rate tends to increase with temperature, though it 100
is not a good match to a simple activation energy. The Time I
pyroelectric voltage response data. Figure 4c. is subject to the
largest measurement error. There is no evidence of any decrease 70 /
in response and an indication of a slight increase. The FD
material figure of merit is proportional to the i roduct of the pyro Fig.4. Relative changes in ' a) dielectric loss (Atan8/tan8), (b)
voltage response with the square root of the ratio of capacitance capacitance (AC/C) a,.d (c, pyroelectric ,oltage response
to loss. This is dominated by the dielectric loss, and is reduced
by about 2(07, after 5(MM) hours at l()"C (probably equivalent to (Ap,/pv) during ageing under bias at various
over 5 years at or below 70'C). This ageing is unlikely to affect temperatures Dashed lines show the cumulative effect
performance during long term operaLion. of a second ageing period with modified conditions.

During this sequence of experiments, two de-ageing
techniques were attempted. After 1050 hours, five samples ferroelectric hysteresis loops also suggest the existence of an
from the l(M)0C/155V batch were seicted and subsequently aged internal bias field, produced by the ageing and opposing the
open circuit. Similarly after 1090 nours at 70'C/155V. five external bias. The hysteresis loop shift suggests its magnitude is
samples were aged with a reversed bias field, but measured with about 0.5V/pm, 10% of the external field. This is consistent
the original field sense. The results are also shown on Figure with the observed zero bias dielectric peak shift. A possible
4a, b and c. The former set showed no change in pyro response cause 2 6 is the moving of charged defects, such as oxygen
and slow but complete de-ageing of capacitance. About half the vacancies, through the ceramic grains, building up at a blocking
loss increase was reversed after 1(M) hours, but there was no interface. The limited effectiveness of thermal annealing
change after the next 35(W) hours. Reversing the ageing field suggests that many of these defects move into deep traps. The
had the most dramatic effect. In both capacitance and loss, it ageing of 70pm thick samples gave a significantly lower ageing
appears as if this reversal has started a new ageing process that rate. This suggests that if the underlying cause of ageing is the
is both additive with and siriiilar to the original process. motion and accumulation of charged defects, it is the sample

In summary, it has been observed that elevated surface, not the grain boundaries, which provide the significant
temperatures alone do not degrade the electrical properties and blocking interfaces. The behaviour on ageing field reversal is
that bias fields applied below -30'C have little effect. Bias fields not understood.
applied in the paraelectric phase result in thermally activated This conclusion has been supported by further studies on
ageing. The major changes which occur do so in the dielectric PST doped with 0.5% uranium as a B-site substituent. In this
loss and reversing the ageing field adds to the original changes. case the uranium, acts as an electron donor, reducing the room

To assess the reasons for the observed changes, temperature resistivity to 10101m from 101 2Qm in undoped
measurements of dielectric constant/temperature were performed PST. No significant changes in loss were seen after 12 hours
on both unaged and aged specimens. The ageing caused both an ageing at I(MRC. As uranium acts as an electron donor14 , it
increase in peak value and a decrease in peak width. These would be expected to reduce the oxygen vacancy concentration
changes match those expected and observed for PST first order and thus reduce this mechanism as a source of ageing. (This
transitions under a small dc bias field. Observations on material possesses too low a resistivity for a low noise detector).
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Device Evaluation ---

PST has been evaluated as an active material in a variety 80

of devices including single elenment detectors, linear and two ectiy
dimensional arrays. Figures 5a. b and c show the responsivity, 1
noise and de~tectivity (D*) as functions of field at 25'C for I mm 2  

N 6.00
PST detectors. The FV for PST at 4V/gm and 25'C is E
-0.06m 2 C- (cf 0.05 for Mod. pZ)2 1. This is reflected in their
similar responsivities under these conditions. The much higher _4.00

F- of PST, however. gives very low noise and a detectivity which
is 40Y9 higher. At I mm 2 the PST element is not ideally matched ______________

to the amplifier noise, and much greater advantage can be 2.00
obtained by operating with smaller detector elements. Figure 6 0.00 0.40 0.80 1 20
,shows the variation of D* with clement area for single element Area (mm)I
detectors. Values of up to 7 x lO8cmHz 112 W- can be obtained
at 0.mm2.

____________________--Fig.6. [Xwtccti~tt measured at lOll, as~ a function of element

area for single clement detector,, using PST at
(a) 4V/jpm. 25"C.

500 -_____

Responsivity Akolde~~

4od. P This work has teen carried out %~ith the support ot the
Mod. PZDefence Research Agency. Nialvern.
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Low Fire Z5U Ceramic Dielectric for Surface Mount MLC
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KEMET Electronics Corporation
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Abstract Barium titanate continues to be the backbone of most ceramic di-
electrics used in the manufacture of ceramic capacitors.

A method for simultaneuusly lowering the sintering temperature Historically, two approaches have been taken in modifying bar-
and increasing the mechanical strength of barium titanate di- ium titanate to get the right comb nation of dielectric and physical
electrics has been deeloped. The method also results in high properties for producing capacitors. The first approach is to add
dielectric constant. This technique is useful in designing ceramic dopants to barium titanate in order to adjust its dielectric proper-
dielectrics for use in the manufacture of multilayer ceramic ties so that they meet the temperature coefficient of capacitance
capacitors for applications in surface mount circuit assemblies. (TC). dissipation factor (DF) and insulation resistance (IR)
The low sintering temperature makes it possible to utilize low requirements set forth by the EIA. In this case, palladium is
cost silver/palladium electrodes, and the mechanical strength commonly used as the electrode material due to the relatively
makes surface mount capacitors less susceptible to damage due to high sintering temperature of barium ittanate (1300'C or
mechanical or thermal stresses during the assembly process. The greater).
electrical and mechanical properties of a Z5U dielectric devel-
oped using this method are discussed and compared to An alternate approach is to utilize additional additixes to lower
commercially available Z5U materials. the sintering temperature to less than 1150'C so that less costly

silver/palladium alloys can be used as electrodes. This usually
results in slightly lower dielectric constants as compared to simi-

Introduction lar high-fire materials. It will be -lemonstrated that properly
chosen sintering aids :an also enhaice the mechanical strength of

The demand for miniaturized surface mount multilayer ceramic the ceramic. This is an important consideration in developing di-
capacitors (MI.C) has impelled manufacturers to develop ceramic electrics for use in surface mount ceramic capacitors.
materials that offer both volumetric .'fficiency and mechanical
robustness. In the US, the 0805 (0.080 x 0.050 inches) chip size
is rapidly replacing the 1206 chip (0.120 x 0.060 inches) as the Exoerimental
most popular in the industry, 0603 chips (0.060 x 0.030 inches)
are being widely used, and 0402 chips (0.040 x 0.020 inches) are
now available. This transformation has been rade possible by Two types of sintering aids were studied. The first, a ncn-
the development of materials that possess both high dielectric reactive glass frit designated as Type A. consisted of a g'ass
constant and sufficient mechanical strength to withstand the vari- former with a melting point of about 450'C. The second,
ouis mecnanically and thermally induced stresses associated with designated as Type B, was a reactive glass frit with a melting
the manufacture -. surface mount ci'-cuit assemblies. The devel- temperature of about 1000I C. The terms "reactive" and "non-
opment of a family of low-fire bai ium titanate materials that meet reactive" are used to describe the interaction of the sintering aid
the Electronics Industries Association (EIA) sp,:cifications for with the barium titanate. A reactive frit is one that is largely
Z5t1 dielectrics is discussed below, incorporated into the barum titanate lattice during firing,

whereas a non-reactive frit remains for the most part at the
boundaries of the bar!,rm titanate grains.

Background
The sintering aids were milled along with commercial BaTiO0

A key characteristic of an MLC is the interleaving of the dielec- and various additives using a Sweco vibratory mill. The milled
tric and electrode materials, which are co-fired into a monolithic slurry was then mixed with an aqueous binder system and cast
structure as shov n in Figure 1. into green ceramic tape. Green chips were manufactured from

the tape using a process that involves screen printing electrode
patterns with 30% Pd/70% Ag ink, stacking and laminating the

End Termination printed layers, and then d&ring ",e resultant pads into individual
chips. The green chips then went through a binder bakeout pro-

Tin Nickel Silver Ceramic cess and were bisqued at approximately 880°C The chips were
S (Barrier Layer) ' Dielectric fired using a batch kiln in a layer of zirconia sand at temperatures

"ranging from 11 15'C to 1145°C.

Electrode The capacitance, DF, TC, Curie temperature, and IR of the fired
chips were measured according to the procedures outlined in

. . ANSI/EIA RS-198. Modulus of rupture (MOR) was measured
....... .. using a three-point bend test with a sample size of 10 chips.

Results and Discussion

Initial studies compared the effects of the two types of sintering
aids on the electrical and physical characteristics of a barium
titanate dielectric. A summary of the properties of 0805 capaci-
tors made using the two types of glass frits is given in Table 1.
and fractured cross sections of the two samples are shown in
Figures 2 and 3. In both cases, 36 electrodes were used and the
dielectric thickness was approximat,'y 13 microns Other than
the type of glass frit used, the dielectric formulat ons were identi-

Figure 1. Construction of an Multilayer Ceramic cal.

Capacitor
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Table 1. Summary of Electrical and Physical Properties of MLC It is evident from the photomicrographs of the fractured cross
made with Two Different Types of Sintering Aids sections that the Type A non-reactive glass frit resulted in a more

porous dielectric than obtained with the Type B reactive glass
frit. This porosity was responsible for the inferior breakdown

?t y TyVc A Tyj& strength and modulus of rupture of capacituis made with the
Type A sintering aid. Only minor differences were observed

Capacitance (nF) 105 115 between the two samples in regard to capacitance, DF, and IR.
DF 2.5% 1.7%

The high porosity, low breakdown strength, and low modulus of
TC 10°C + 2% + 9% rupture obtained when the non-reactive Type A frit was used as a

85°C - 61% - 54% sintering aid rendered the resulting ceramic undesirable for use in
the manufacture of surface mount MLC. The reactive glass frit,

IR(fl-F) 25-C 10,000 15,000 however, resulted in a ceramic with good dielectric properties
85°C 1,500 3,000 and excellent mechanical strength.

Dielectric Constant 7,000 7,500
Further studies were carried out using different amounts of the

Breakdown Voltage (v/mil) 600 1,000 reactive glass frit to better understand its impact on the properties
of the dielectric. Table 2 summarizes the effect of glass frit con-

Curie Temperature 101C 10°C tent when the reactive frit (Type B) was used. Except for the
amount of glass that was added, the dielectric formulations were

MOR (MPa) 170 490 identical. The effect of glass content on dielectric constant as a
function of temperature is shown in Figure 4.

IN %wTable 2. Summary of Electrical Properties of MLC made
with Three Different Glass Frit Levels

I N Glass Content
Property 4% 5% 6%

Cap (nF) 115 119 126
SDF 1.6% 1.6% 2.1%

AL TC 100C + 2% + 5% +12%
850C -53% -54% -56%

IR (fl-F) 25°C 10,000 11,000 12,000
85°C 4,000 4,500 5,000

• Dielectric (25°C) 7,300 7,800 8,200
Constant

Curie Temperature 10°C 5°C 0°C

Figure 2. Photomicrograph of Fractured Cross-Section K (T,•-s-es)
of Dielectric with Type A Glass Frit g-

7

74

2-

X0 41-0 -40 -20 0 20 40 60 80 1100 1120
TEMPERATURE (C)

"4% FRIT --- 6% FRIT - 4% FRIT' ,Figure 4. Temperature Coefficient of Capacitance vs Frit
Content

It is evident that adding more glass lowered the Curie tempera-
ture of the dielectric, and increased the dielectric constant at the
Curie point. This phenomenon is a result of the reactive nature
of the glass being used. When a non-reactive glass is used, the
opposite effect is observed. This is due to the dilution effect of
the relatively low K glass phase at the grain boundaries of the
higher K barium titanate grains.

Using 5% reactive glass resulted in dielectric properties that sat-
isfy the EIA Z5U specifications (DF less than 4%, TC of -56%

Figure 3. Photoinicrograph of Fractured Cross-Section to +22% between 10*C and 85°C, and insulation resistance
of Dielectric with Type B Glass Frit greater than 1,000 fl-F at 25°C).
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Coma•aison of Proprietary Z5U Dielectric withOther Z5S Mteia

Table 3 compares the properties of the proprietary ZSU dielectric
with two barium titanate Z5U dielectrics available from
commercial sources.

Table 3. Comparison of Proprietary ZSU Dielectric with
Commercial Low-Fire Z5U Dielectrics

Commercial Dielectrics ProprietaryPoct ZSUI ZSU-2 Deeti

K (25-C) 5,000 8,500 7,500

DF 1% 2% 2%

TC 10°C -11% -3% +9%
85 0C -51% -48% -54%

IR 25-C 10,000 15,000 15,000
(fl-F) 85°C 3,000 3,000 3,000

Breakdown
Voltage 800 800 1,000
(V/mil)

MOR (MPa) 170 180 400
1206 Size
Chips

The commercial Z5U products are typical of Z5U materials on
the market. The outstanding characteristics of the proprietary
Z5U dielectric are its unusually high mechanical strength, as
characterized by its modulus of rupture (>400 MPa for a 1206
size chip), and high dielectric strength (> 1,000 volts/mil). These
properties are especially significant in light of it's relatively large
grains (3-5 microns). The modulus of rupture is higher than that
of most X7R dielectrics, which range from 200 MPa to 400
MPa. These characteristics make it an ideal material for manu-
facturing surface mount ceramic capacitors.

A high K, low-fire Z5U barium titanate dielectric with excellent
mechanical strength has been developed. A reactive glass frit
was used to lower the sintering temperature to below 1150°C
without compromising the dielectric constant. The mechanical
strength of this dielectric is equivalent or superior to that of most
X7R dielectrics. This, combined with its high breakdown
strength, make it an ideal material for the manufacture of surface
mount multilayer ceramic capacitors.
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RELAXOR STUDIES OF Ma. Fe and Mg DOPED SBN CERAMICS

S.Narayana Marty. K.V.Ramana Murthy, G.Padmvathi, A.Bhanumathi
Solid State Physics Laboratories, Department of Physics,

Andhra University. Visakhapatnam-530 003. INDIA.
And

K.Linga Murty
Depts. of Nuclear Engg. and Materials Science Engg.

North Corolina State University, Raleigh NC 27695 USA

Abstract

Sodium doped Strontiurr Bariurr Niobate with Na ions, there is an ir-rovement in
ceramics wii.h tetragonal tungsten bronzt ferrolectric properties as reflected by an
structure were prepared by the powder increase in T. The effect of different
metallurgical technique. The effect of c
various dopants on the properties of SBN cations such as Na. Fe and Mg cn the lattice
ceramics have been investigated. Relaxor paraneters and ferroelectric properties of
characteristics have been studied. The Sr Ba Nb 0 ceramics have been reported in
dielectric loss is very low in all the 2 6

compositions. Curie temperature increases this conmunication.
slightly and the dielectric constant Experimental
decreases with increasing frequency. The
dielectric constant vs temperature curves Solid soluticns of the follcving

indicate a broad maxinmun % which is a composi t ions were prepared by the

characteristic of diffuse phase transition, conventional ceramic technique.

Introduction (Sr Bal 1 x) 0 . 8 Na 0.4 Nb 2 0 6
where :,:0.3 to 0.6

Strontiurr Barium Niobate (Sr
X (Sr B0 R Na NbO0

Ba Nb 0 ) is ferroelectric solid solution •0 6 B 0. 0 8  y 0.4 2 6
l-X 2 6 where R = Fe, Mg, Cr,

with tetragonal tungsten bronze structure Mn, Li, Ni, Zn, Y & Ca
(1,2). It has a high electro-optic
coeffiecient and high pyroelectric High purity reagent grade oxides of the
coeffiecient (3,4). Piezoelectric and SAW constituent materials, weighed according to
properties of these materials have been their stoichionetric proportions were dry
extensively studied by various researchers ground into fine powder and calcined in
(5) in single crystal form. The tungsten platinum crucibles and pressed into dises.
bronze structure ferroelectrics are a large The fIring temperatures are the same
class of technically important materials, reported earlier (6,7). X-ray diffraction
In many of these materials diffuse phase patterns of all the compositions were
transition has been reported. The obtained on a Reich-Seifert, FRG, X-ray
important characteristics of tetragcnal diffracton-eter using Cu Kkradiation with Ni
tungsten bronze ferroelectrics are:--hey filter. The lattice parameters were
exhibit excessively large values of computed u-ing a computer progranme by the
permittivity compared to those predicted by least squares fitting (LSO) procedure of the
Lyddane Sachs Teller relation;ttiey do not high - angle X-ray diffraction lines. The
confirm to the usual soft phonon nechanism; dielectric dispersion vas reasured with a
they are associated with lattice Hewlett-Packard LF impedance analyser model
instabilities evidenced by the large Raman 4192A with 16095A as probe fixture. The
cross sections observed for one or core of dielectric constant was studied at different
the low frequency lattice modes, frequencies viz. IKHz, 200KHz, 500KHz and

Although there is a vast literature on 1Miz. The dielectric loss factor was also
ferroelectric properties of single crystals measured in the tenperature range 30-400°C.
of SBN, work on ceramics is meagre. This Results and Discussion
is because it is difficult to obtain high
density ceramics of this material useful Dielectric Studies:

for device application. In pure SBN (6) The variation of dielectric constant
T I - of the order of 94 C by doping witt, with temperature for different compositions

c ore shcwn in figures (1-3). A broad
alkali elements T is greatly increased, transition is observed in all the

Hence, in this work by doping with suitable compositions which is a characteristic of
diffuse phase transition. The broadness

cations we have tried to enhance T and decreases gradually with the increase of Sr

decrease the dielectric loss. When the content. The dielectric loss (Ell) decreases
interstitial vacancies are filled partially with increase of Sr content and attains a
or fully with alkali elements T is raised. mininsim value of 0.009 for Sr 0.6

c composition. The dielectric data is
The purpose in introducing Na is to presented in the Table. As Sr ccntent
increase the density and raise T C. Role of increases T decreaserý from 353 0 C to 230°C

sodium in sintering process is to cause A while the dfelectric constant increases to
position vacancies because it is volatile, nearly five times of its value. As Sr/Ba
Volatility of Na causes A position ratio changes gradually, the roomr
vacancies. It is well known that these temperature dielectric constant increases
vacancies aid sintering by diffusion from 163 to 595 and peak dielectric constant
process. Also, by filling the structure increases fron, 239 to 3360 with Na held
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Fig. 1: Dielectric constant plotted Fig. 3: Plot of dielectric constant Vs
against temperature for Sr/Ba ratio temperature for SBN - Na ceramics at I KHz.

variation compositions.

constants are relatively low. Tht
5000 substituted ionic sizes and the sitt

occupancy play an Important role in
determining the dielectric co0stant. Na*

"occupies A , A 2 sites and Li enters the
440 smaller C sAte. Moreover. Li composition is

a filled structure and the others are

unfilled structures. The dielectric loss is
4000' cro -p "" very low for Ca, Na, Fe and Vig doped

0--- a compositions. Maximum loss was observed in

340 "-1 Nh Mncomposition. Changes in temperature
%4 C should be related with some dis-order in the

u •-4%• Sr and.3 a relations, because it is possible
520 Ffor Fe to enter into B - sites and A sites

in some particular conditions as per the
Hennings (8) report. The EPR 3+spectrum
indicates that Iron enters as Fe in B -
sites. In Jimenez's (9) work on SBN

1 2400 ceramics a large dscrease in curie

temperature of nearly 50 C was reported when

20 doped with Fe, Mn, Cr and La.
Y Relaxor characteristics:

In the tungsten bronze structure
£,0 ferroelectric ordering studies have shown

* that con-positional heterogeneity leading to

1200-

SOO z.0oco

.200-
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constant__t__sedent _f ____Fig. _ tha oL-

0 40 5 3 A 0 40 ag0 Sa0

fl&IPCRATrUSE, *C

Fig. 2. Variation of dielectric constant 0 So K ,.0
with temperature for SBN - Na ceramics at
1KHz.

constant. It is evident frohn Fig. I that ?
the peak becomes more sharper as Sr content toor -0o0.n

increases. The ferroelectric transition
temperature is considerably lowered with the 0 ----.
introduction of different valency cations. -0 ' 0 5 ~ 3O503 1. 30 0

Curle temperature decreases from 245 0Cto (£CA£S, £

145 C with the increase of the ionic radious Fig. 4: Tenperature dependence of the
of the additives. But in Li composition dielectric constant and TarS at different
T C ri ses t o ::45 0 C and the dielectric frequencies for SEN - Na composition.
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Fig. 5 Temperature dependence of Fig. 6: Temperature dependence of
the dielectric constant and TanA at dielectric constant and dielectric loss
different frequencies for Fe doped sample. at different

a breakdown of translational symmetry is frequencies for Mg doped composition.

responsible for relaxor character. The
termprature dependence of dielectric constant
for Na, Fe, MVg doped compositions at Acknowledgemets
different frequencies are shown in figures
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TABLE

Frequency dependence of dielectric data of modified SBN ceramics

'E R T e T c .•.r -

Sample Ionic E ' 1KHz 1OOK 5OOK 1M•Iz 1KHz 100K 5001 lli z 1K IOOK 500h lMwz
Rac~.1___

0.3/0.7 - .168 163 237 209 201 239 769 748 740 353 355 355 355

.4/.6 - .015 353 192 191 190 1932 1175 1144 1113 310 290 290 290

.5/.5 - .270 575 202 133 113 2000 1495 1173 650 290 297 302 330

.6/.4 - .009 595 355 353 336 3360 2667 2613 2587 230 244 244 244

Cr-SBNNa .52 .037 398 143 140 139 841 605 584 574 222 225 225 225

Mn .60 .403 711 345 307 294 2367 1574 846 675 242 245 280 245

Fe .64 .026 998 302 293 289 3440 1403 1368 1353 205 200 200 205

MA .66 .014 645 255 253 251 3787 1282 1217 1199 202 195 195 195

LI .68 .042 719 191 189 188 1190 855 841 836 245 267 267 267

Ni .69 .024 1458 997 975 962 3962 5330 3283 3213 180 160 165 165

Zn .74 .043 111 201 194 190 627 1202 1110 986 205 200 205 207

Y .89 . 116 98 92 85 82 1330 283 273 261 235 205 210 215

Ca .99 .016 592 351 349 346 4892 1911 1845 1830 217 205 200 205

C8o.1 .99 .024 842 354 349 346 4271 1122 1013 990 145 185 182 182

(9) B. Jimenez, R.G.Polledo, C.Aletany, J.

Mendiola and E.Maurer, Ferroelectrics,

14, 687 (1976)

tl0)G.A.SmolenskiiV.A.Isupovo A.I.Agranovs-

kaya and S.N. Popov, Soviet Physics -

Solid State, 2, 2584 (1961)

(11)L.E. Cross, Ferroelectrics,

76, 241 (1987)
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Abaract were measured by the static Byer-Roundy method~as the
samples were heated, again at a rate of 40C/min. Pri-

Dielectric, pyroelectric and piezoelectric pro- or to the dielectric, pyroelectric and piezoelectric
perties in the (1-x-y)PMN-xPT-yBT solid solution measurements, the samples were poled by appling a DC
series have been investigated. About 85% of the field of about 15 kV/cm. The electromechanical cou-
theoretical density was achieved for pellets sinter- pling factor of the samples were measured at room te-
ed at 12501C for 2 hr. The dielectric constant and mperature by using resonance-antiresonance method 6 .
pyroelectric coefficient increased with increasing
grain size of the samples at various compositions.
Further addition of BaTiO3 affects the electrical Results and discussion

properties of P141-PT and the phase transition tem-
perature is continuously shifted to lower tempera- Sintering and grain size
ture with increase of a small amount of BaTi03. Figure 1 shows the dielectric constant and pyro-

electric coefficient of 0.65PMN-O.30PT-0.O5BT ceram-
ics at various sintering temperatures. The effect of

Introduction sintering temperature on the dielectric and pyroelec-
tric properties was pronounced and cosistent over the

The dielectric, pyroelectric and piezoelectric entire set of compositions investigated. An increase
properties of Pb(Mgl/3Nb2I3)03-PbTiO3(PMN-PT)system in sintering temperature resulted in an increase in
have been widely studied in both single crystal arvi maximum dielectric and pyroelectric coefficient. The
solid solution formsl.2 . PMN-PT solid solutions ex- effect of sintering temperature was most pronounced
hibit a range of relaxor ferroelectric properties for the 0.65P1W-0.30PT-0.O5BT ceramics which maximum
dependent on composition. At about 35 mol% PT the dielectric constant increased from 3100 to 5000 and
PNq-PT phase diagram exhibits a morphotropic phase 6100 as the sintering temperature was increased from
boundary (MPB). PM-PT compositions near the MPB 1150 to 1200 and 12501C.
are both of technical and scientific interest since Scanning electron micrographs of the fracture su-
anomalously high electrostrictive coefficients are rface of the composition 0.65PMN-O.3OPT-0.O5BT sinter-
known to exist in such compositions 3 . ed at various temperatures are shown in Figure 2 and

Present study was carried out with the system show increasing grain size with increasing sintering
xPb(Mgl/ 3 Nb2/3)03-yPbTiO3-zBaTiO3 (x+y+z=l)to obt- temperature. The sample sintered at 1100*C showed
ain a lower Curie temperature and higher dielectric smaller grain size ( <1.5 4) where as large grain si-
properties at room temperature. zes of about 5-7m were observed for the samples sin-

tered at 1250'C as shown in Figure 2. It is clearly
evident from the Figure 1, that dielectric constant

Experimental procedure and pyroelectric coefficient increase with increasing
grain size.

Ceramic samples were prepared by conventional
sintering technique. 4 Reagent grade oxide powders Dielectric properties
PbC03, BaC03, TiO2, Nb2D5 and MgO with purity bet-
ter than 99% were used as starting materials. The Figure 3 shows the temperature dependencies of
calcined powders were mixed with a binder (3%wt,PVA) dielectric constant and dissipation factor at various
using the mortor. Pellets which are 10ml in diame- frequencies (0.1 - 100 kHz) for composition 0.60P1IN-
ter and 0.5mm thick were pressed at 700 kg/cm2 . The 0.35PT-0.O5BT. The composition showed a broad maxima
binder burned out by heating process at 500*C. The of dielectric constant and an increase in transition
pellets were sintered at various temperatures i.e., temperature with increasing frequency, characteristic
1100, 1150, 1200 and 1250*C for 2hr. The pellet of relaxor ferroelectrics. Corresponding frequency di-
were placed on platinum foil in an enclosed alumina spersion of the dissipation factor was also observed.
crucible. The sintering was done in a lead rich at- The temperature dependence of dielectric constant
mosphere by placing a small amount of an equimolec- (at 1 kHz) for a ragne of compositions are shown in
ular mixture in the same crucible. A heating rate Figures 4 and 5. The variation of transition temper-
of 300OC/hr was to further avoid PbO loss. ature with composition is shown in Figure 6. The tr-

The grain size was determined of fracture sur- ansition temperature decreases almost linearly with
faces of the pellets using scanning electron micro- the addition of BaTiO3, their rates of decrease are
scopy (SE4). Weight loss and apparent density were about 8-10*C/mol%.
measured for all the samples sintered at various te-
mperatures by using Archimedes' water displacement
method. Pyroelectric and piezoelectric properties

Dielectric measurements were measured of 0.11-00
kHz at the temperature rate of 4 C/sin, with a mul- Figures 7 and 8 show the temperature dependence
ti-frequency LCR meter. Pyroelectric measurements of pyroelectric coefficient for the compositions 0.60
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Figure 1. Dielectric constant and pyroelectric coefficient of O.65PMN-O.30PT-O.05BT ceramics at various
sintering temperature.

u~t5PMN- 0.3OPT-O0.05BT SNT.TEMP. 1 15000/2h
SINT.TEMP. 1 100 0 C/2h

SINT.TEMP. 12000OC/2h SINT.TEMP. 12500C/2h

Figure* 2. SF21 micrographs of the fracture surface of the composition of O.65PNN-O.30PT-O.O5BT at various
sinterinig temperature.
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Figure 3. Temperature dependence of dielectric cons- Figure 6. Variation of the transition temperature as
tant and dissipation factor at various frequencies a function of the mole fraction of BaTiO3
for 0.60PMN-O.35PT-O.O5BT system.
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Figure 7. Pyroelectric coefficient vs. temperature

Figure 4. Dielectric constant vs. temperature in the in the 0.60PM4-(O.40-x)PT-xBT system.

O.60PMN-(0.40-x)PT-xBT system.

820 0.65PMN-(0.35-x)PT-xBT
E poling DC 15 kV/cm

I 0o15
6x.O -0..0.051

LA.

01x.x.3"

0.65PMN-(0.35-x)PT-xBT 'U
-jW F poling :DC 15 kV/cm

0 0 0 300 0- 10020 300TEMPERATURE(OC) 0 . TEMPERATURE(OC)

Figure 5. Dielectric constant vs. temperature in the Figure 8. Pyroelectric coefficient vs. temperature
O.65PMN-(O.35-x)PT-xBI system in the 0.65PMN-(O.35-x )PT-xBT system.

PMN-(O.40-x)PT-xBT and 0.65PMN-(O.35-x)PT-xBT, res- dies. In each series the maximum pyroeletric coeffi-

pectively. The peak temperature of pyroelectric coe- cient is observed for the compositions 0.60PMN-O.35PT
fficient with compositions might be similar to that -0.05BT and 0.65P•N-O.30PT-O.O5BT, respectively. The
observed in dielectric constant vs. temperature stu- addition of BaTiO3 affects the dielectric and pyroel-
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ectric properties of PMN-PI and the phase transition (3) S.W.Choi, T.R.Shrout, S.J.Jang and A.S.Bhalla,
temperature is contnoouSly shifted to lower tempera- "Morphotropic Phase Boundary in Pb(Mgl/3NtQ/3 )03-Pb
ture with increase of an amount of BaTiO3. But the TiO3System," Materials Letters, vol.8, pp. 2 5 3 - 2 5 5 ,
magnitude of the maximum pyroelectric coefficient de- July 199.
creases with increasing BaTiO3 as shown in Figures 7
and 9. (4) T.Ta , Y.S&m ard K.S•aii, '"bZOx3-Bs Piezoelect-

Figure 9 shows the room temperature value of ele- ric Ceramics Containing Pb(Znl/ 3Nb?,/3)0 3 " Trans.Inst.
ctromechanical coupling factor(kp) of the composition Electron. Ceram. Eng. Japan vol.E69, pp. 4 6 8 - 4 7 0 ,1 9 8 6 .
(1-x-y)PMN-xPT-yBT series as a function of mole frac-
tion of BaTiO3. In each series the maximum electro- (5) R.L.Byer and C.B.Foundy, "Pyroelectric Coeffici-
mechanical coupling factor is obtained near the maxi- ent Direct Measuremint Technique and Application to
mumf dielctric and pyroelectric coefficient, a NSEC Response Time Detector." Ferroelectrics, vol.3,

pp.333-3 3 8 , 1972.

8.50 (6) IRE Standands on Piezoelectric Crystal: Measure-

ment of Piezoelectric Ceramics, Proc. 1961j' IRE(Inst.

"04 • •,Radio Engrs.) vol. 49(7), pp.1161-1169, 1961.
.00

030

.20.1

0: 0.60PMN-(0.40-x)PT-xBT
O X 0.65PMN-(0.35-x)PT-xBT
) 00 0.10 0.20

MOLE FRACTION OF BaTiO3(x)

Figure 9. Electromechanical coupling factor as a fun-
ction of mole fraction of BT at the room temperature.

Conclusions

About 85% of the theoretical density was achieved for
pellets sintered at 1 2 5 0 1C for 2hr. An increase in
sintering temperature resulted in an increase in grain
size. The dielectric constant and pyroelectric coef-
ficient increased with increasing grain size of the
samples sintered at various temperatures. The addit-
ion of BaTiO3 to the PMN-PT system resulted in the re-
duced dielectric constant and the phase transition te-
mperature decreases almost linearly with the addition
of BaTiO3 without significantly changing the dielect-
ric and pyroelectric behavior. The maximum electrom-
echanical coupling factor occurs in the compositions
O.60PMN-0.35PT-0.O5BT(0.4).
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Abstract

The switching behaviour of thin Lead Zirconate Titanate (PZT) Results by Stadler [2.31 demonstrated the possibility that
thin films prepared by different spin-coating techniques was the switching time does not depend on the sample thickness
investigated. Some films show switching times as short as 360 but only on the electric field. t, = 9 E' 1 4o 1 (E in KV CM, t. in
ps, others show a wide time distribution. These results can be ps). In some cases it was found that d/t, was larger than the
explained in terms of the morphology of the films, and sugges- speed of an elastic wave. This observation together with the
tions are given for the possible domain structure and switching independence on sample thickness led to a suggestion that thp
mechanisms involved. reversal of polarization is caused by a simultaneous reversa! in
To obtain the necessary sub-nanosecond experimental resolu- all the cells rather than it is related to domain wall movements.
tion. both the rise time of the switching pulse and the current In this case the switching time at a field of 150 kVcm would be
limiting effect of the LRC network have to meet high specifica- in the range 5-13 ns. independent on the film thickness.
tions. How this was done is described in some detail. Investigations of single crystals of PbTiO 3 (PT) [4]

showed at high fields a linear relationship between 1its and the
Introduction applied field in samples with a high concentration of domains.

The mobilities (p =d/tsE) were found to vary from 2 107 to
The application of ferroelectric thin films in non-volatile 3.7.10 6 m2/Vs. For a 0.4 pm film and a field of 150 kV/cm this

ferroelectric random access memories (FERAMs) is based on would correspond to switching times in the range from 100 ns
their reversable remanent electric polarization. The reversal of down to 5 ns. For samples with a low concentration of domains
the polarization can be carried out by applying a voltage pulse the lateral motion of domain boundaries were determined. A lin-
of proper polarity and amplitude across the ferroelectric film, sit- ear dependence on the electric field was also found in this case
uated between two electrodes (in a capacitor geometry). The with mobilities ranging from 10`8 to 10-7 m2'Vs.
switching of the ferroelectric capacitor has to fulfil a number of More recent work on the kinetics of switching has been
requirements. The pulse voltages should be compatible with carried out on submicron polycrystalline films of KNO 3 [5] and
VLSI voltages which at the moment are 5 V but dropping PbZrxTi1.-O3 (PZT) [6-9]. The switching results by Scott et aL.
towards 3 V in the near future. A switching polarization larger on polycrystalline sub-micron thick PZT (x=0.54) films [6.7]
than 10 tC/lpm 2 (I .C/cm 2) is needed for reliable detection and were interpreted with a two-dimensional domain growth kinetics
this level has to be reached within a short time (_< 10 ns). The and a switching time satisfying an activation field dependence.
number of allowed reversal operations has to be large (1014- The films were prepared by sputtering and the reported switch-
1015) and the stability of the poled layers has to be very good ing times were in the range of 10-100 ns [6]. Recent experi-
(10 years without applied voltage). ments by different groups on sol-gel prepared sub-micron PZT

It is clear from the above mentioned requirements that the films of similar composition (x=0.52-0.53) showed much smaller
switching process in ferroelectric thin films is of critical impor- switching times [8,9]. It was found that the switching time
tance for FERAM applications. It is related to material proper- decreased with the capacitor area down to a limiting value
ties such as composition and morphology of the ferroelectric which was determined by the response time of the experimental
film and of the electrodes as well. It depends on the tempera- set-up. In both cases this value was of the order of 2 ns.
ture and on switching parameters such as pulse amplitude and Consequently, the intrinsic switching time in PZT for these sol-
pulse duration. These topics needs to be investigated and gel films must be smaller than 2 ns.
understood. So far studies of switching have mainly been appli- In this paper an analysis of the conditions necessary to
cation motivated although the area is of basic scientific interest perform switching measurements in the sub-nanosecond range
as well. will be given together with a description of the test set-up on

Early studies of switching in single crystal layers of which measurements were carried out on different samples.
BaTiO 3, having thicknesses (d) of the order of 0.1 mm, demon- The results will be discussed on the basis of possible domain
strated values of the switching time t. ranging from approxi- structures and switching models.
mately 10 nanoseconds to minutes, depending on the electrical
(switching) field (E) [1-3]. Investigations of the dependence of Experi•intal Details
switching time on the thickness gave some conflicting results
showing both a linear dependence [1] and an independence on Conditions for fast switching
the thickness in the high field range [3]. The lower limit of the
high field range was of the order 1-10 kV/cm, depending on the Figure 1 shows the schematic lay-out of the electrical
thickness. circuit for switching measurements in the nanosecond range.

The linear dependence found by Merz [1] was ascribed to The three main elements are the pulse generator, the probing
domain walls propagating across the film with a field dependent circuit and the signal analyzer which are connected with coaxial
speed v. ( = pE). If the nucleation rate is very high, the switch- transmission lines.In the insert two configurations of the probing
ing speed is only determined by v, giving ts = d/vs. If these circuit are shown. In circuit (a) [8] the resistor R1 (=Zo) serves
results (p l 2.4 10-4 m2/Vs) are supposed valid for a submicron as impedance match to the transmission line coming from the
thick film, e.g. d = 0.5 pm, one finds t. = 0.14 ns at E = 150 pulse generator. This ensures that reflection from the probe cir-
kV/cm. cuit back towards the generator only occurs during times where
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Fig 1 Schematic lay-out of the Circuit for fast pulse switching measurements

The inset shows two configurations of the probe circuit ator and L is the circuit inductance The ferroelectric thin film
capacitor can be considered as composed of a strongly non-lin-

ear switching capacitor C, - (having square hysteresis ioop)
the ferroelectric capacitor (CFE) is being charged or discharged- parallel with a (non-switchiig) dielectric capacitor Cd'e, In addi-
Such reflection can be minimalized by maximizing the imped- tion there will always be some parasitic capacitance Co This

ance consisting of CFE and R, i.e. by making CFE as small as results in the eqivalent diagram of the terroelectric capacitor
possible. The output signal (Out) is being transmitted into a shown in Fig. 2..
impedance matched transmission line and signal analyser. The dia(.ram of Fic 2a is in fact a series LRC circuit but
Therefore there will be no reflection back to the probing circuit. with an non-lir ear capa-ftor. It allows for an estimation of the

The effective load resistance R' is the parallel impedance of R minimum charging time when the switched polarization charge.

and Z0 , where Zo (= 50Q,) is the impedance of the transmission AQ. is replaced ty , corresponding capacitance
line/signal analyzer. Turning to circuit (b) [9], this is the same as

circuit (a) but without the matching resistor R1. Consequently. Cs= .,V p (2)
since there will never be an impedance match there will always

be reflection towards the signal generator, i.e also when the Here NO =AP.AFE. where NP is the polarization change for an
charge on CFE is constant. applied pulse of amplitude Vp and ALt. is the area of the ferro-

The relative advantages and disadvantages of the two electric capacitor. The inductance L of our test circuit with test

probe circuits depend on factors such as the time scale of the probes is in the range of 10-20 nH The series resistance R,

switching experiments, the desired pulse amplitudes and the Rg + R') is approximately 60 w, (Rg =50 w. R=8.331l).

sensitivity of the signal generator to reflected power. The instru- Neglecting the system risetime. the circuit current can be calcu-
mental time resolution t, is given by the pulse risetime, Tr. and lated as a function of - me from the analytical solutions given in
the bandwidth of the analysing system, ta, according to: ctandard textbooks. Ir, the quasi static range ((2L Rs) 2 < LCs)

calculations for capacitor values of 200 and 40 pF and an pulse

;, = N(Tr 2 + T a2 ). (1) amplitude of 15 V give a time dependent voltage over the load
resistor R' shown in the left hand panel of Fig. 3. It should be

Our standard equipment (HP 8161 pulse generators, a sum- noted that for a linear capacitive load the current shape is inde-
ming pulse amplifier, Tektronix 602 digitizing signal analyser) pendent of the pulse amplitude. In the inset the time from the
yields a smallest time resolution of T, = 2 ns [8]. onset of the pulse until the voltage has decreased to 10% of the

A simplified equivalent scheme for the probe circuits is maximum is displayed as function of the capacitance. This time

shown in Fig. 2a. Here Rg is the impedance of the pulse gener- is approximately equal to 2.3RsCs and in the following it is

LCcircuit L
L = 10 nHPLT

: R% = 60 Q 100

3 R' = 10 d= 055mV
c E

1 2 Area

10 100 1000 1.0 m

C (pF) -

1- \------------ 5.000 PM

C 200 pF
I \ 2.000 pm

2

C 40 pF

0 
1.000 pM

2

0 10 20 30 time (5 nsidiv)
time ins)

Fig. 3 Left hand panel shows for an LRC circuit the voltage across a 10 u load versus time after onset of a 15 V pulse. The inset

gives the time from the onset to the time where the signal is reduced to 10% of its maximum The right hand panel shows experi-

mental switching results (from ref. 8).
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denote .-, 'I" EA-efirintdl S't a tQ. Sub nanosecono pulse swicr n1g

I! tit "0 Pqt l''a pirs! ot F'q 3 t3 •.lps e nlIt aL l SwVtV'i1s 11i!

curves for i Turhin vfi [ t [ I clopI PD i) , '9 ee ret 81 are showrl A determination Of the switching Kinetics requires at
Ihie full lhte CaJrVte, frepresenlt tile Laies wheNt, tle ptllafiZatJOi least a comparison and better a subtraction of tn-_ time oepen
pS reversted by tle application -ft 'me 15 V amplitude pulse Here dences of the switched and the nonswtched polar tations

the change in polarization Sabout 300C t Lirn Usir g EqI 2 These measurements have to be carried out on a proper

one calcuLttes for the capacitor areas A - 10 000 arid 2 000 timescale . ,_- < t1, In this subsection an experimental set-up

Lina the equivalenit capicitances of 200 and 40 pt respectively naving a ,miting value of T t 0 1 ns is briefly described A more

A compýrmsorf between the corresponding curves of the left and complete description will be published elsewhere It 0]

the right hand sidels o Fig 3 shows a good agreement in line A usual pulse sequence for measuring switching tran

shape and switching twie The exception is the initial behaviour sients consists of double Dipolar pulses The first of two consec

sirce iio signal nre arid response t,:.'eq rhave beten included in utive pulses of tne same polarity reverses the polarization and

the calculations The difference in the switching speed between is a switching pulse while the second one iF nonswitchrng If

the switching arid the nonswmtchinq curves ýthefe ,s no polariza only switching transients of one polarity are studied a puise

ton reversal by applcatmon of I second voltage pulse of the sequence (defined by wr w. and w 3 ) as th ! shown in Fig 4

same polarity) is only caused by the different charges involved can be used Here the switching from negative to positive polar

An interesting consequence is that if the same chargL is ity ran be investigated The rist ime of the two positive pulses

switched for different voitage• Ii e in the range where the polar is one of the instrumental speed determining factors, while the

zation is saturatedi the switching speed will depend reversely negative pulse just serves to reverse the polarization A very

on the voltage ini this range (see Eq t2) This might erroneously short risetime is therefore not required for this pulse The widfn

be explained as a real physica, effect caused by an increase of of the negative pulse is equal to the sum of the widths of the

the spenýd of polarization reversal with increasing held, but actu two positive pulses to avoid any DC bias effects

ally it is only caused by the current limiting effects of the net A schematic diagram of the experimental set-up is

work shown in Fig 5 The outputs from a very fast It, = 45 ps) and

These results confirm the experimontal results of Ref B• fast pulse generator (Models 4050 and 2600 from Picosecond

that the measured response times are limited hy r, Therefore. Pulse Labs.. Inc.. respectively) are added and led to the input of
the true (physical) switching Time t, is smaller than 2 ns A the ptuo,,. 9 •ircuit (see inset. Fig 1) The respoase time of the

requirement obviously needed for stuuies of switching kinetics

is that the experimental time resolution T,,p be smaller than the . . . -. .

physical switcning time Hfere r ,0 ,s determined by the instru

mental time resolution as well as the time needed to deliver the .- -1

polarization charge

tRC can be calculated from the polarization change. the pulse Fig 4 A pulse sequence for switching measurements

amplitude and the circuit characteristics by

adding circuit is about 90 ps. The output from the probing circuit

TFc 2 3R, \PArt VP (4) is being measured by a Tektronix model 7704 sampling scope
(r, " 30 ps) Its output is being averaged by a digitizing signal

This time can in principle be minimized by reducing Rs and the analyser (Tektronix DSA 602) yielding the final switching and

capacitor area AF, However, with standard nstrirmental nonswitching time dependence. The time sequence of the posi-

impedances of 50 t. the lower limit of R, is of the order of 500 tive and negative pulses are being determined by a triggering

In practice AF F must be reduced For instance, if \P = 300 and delay circuit based on HP model 8161 pulse generators

fC pm- and Vp P 10 V a value of rFic, < 0 2 ns requires AFE < 60 The maximum frequency is determined by the fast pulse gener-

LIm lC, _ 1 74 pF) ator (fmax = 100 kHz. PSPL model 2600). In order to obtain the

A further complication arises by reducing the RC time necessary time resolution the switching and the nonswitching

because the oscillatory range of the LRC circuit is reached response are measured sequentially. For this there is a pulse

when (2L R,),' > LC,; This behaviour is likely met in the sub- selector to directly trigger the input of the sampling scope to

nanosecond range It will be treated below in the discussion of either the first or the second of the two positive pulses It should

the experimental results be noted that the period (w 2 ) of 5 ps is about 2"105 times the

desired litter level (s 20 ps) and that an exact triggering of the

Pulse,
generators

selector

triggeririg Adding Samplrng Digitizing
& .. ci~ rcuit Prbn scope f- signal

delay- r,-1-- - 80 pq crut T, 30 ps analyzer

0 05 nx

Fiq 5 Schematic lay oul of exper•nrlenitr set up for sub nanosecond measurements
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sampling scope is required. The instrumental time resolution for 4 S1oz capacitors

the overall set-up is estimated to be 90-100 ps. The parameters1 1 -"
of the pulse sequence for measurements carried out with this _G
set-up are w1 i1ns, w2 = 5 ps and w3 = 2.5 ps. -To

"The probing circuit consists of a capacitor test structure , /
with capacitor areas ranging from 50.000 pm2 down to 9 pm2  01tc0 1 ---.--. --- -T
and two probes. The test structure was prepared on a 10 cm
diameter oxidized Si wafer provided with a common Ti/Pt bct-
tom electrode, a ferroelectric or dielectric layer and a top elec-
trode (details are given below). The latter two types of layers 10 2 10 1 100 10o
were etched to the desired areas. No bonding pads were used c (pF-
because they lead to additional parasitic capacitances. The
probes were coaxially shielded with the resistors (R = 10 Q, and Fig. 7 The measured period 1 2 Tosc as a function of capacilar-,,e measured
R=50 = ,,C mounted between the shield and the tip. The shields for S102 capacitors on a Si wafer

of the two probes were connected with a broad metal strip to
make a good common ground and to decrease induction, dielectric response (Cdiel + Cp) will give rise to the same type of

oscillations as just discussed. This limits the time resolution.
Testina of the experimental set-ug Here we take 1/2Tos¢ as an appropriate circuit depending

response time, denoted TLC. This is approximately given by
In order to investigate the performance of the experi-

mental set-up a capacitor structure using Si0 2 as a purely TLC = t\(LC). (6)
dielectric layer was made. In Fig. 6 the response to an appl~ed
voltage pulse, measured across the resistor R (see Fig. 1. inset The capacitance is determined as described above, using the
(b)). are shown for two capacitors. It is seen that the signal has nonswitching polarization change to determine Cde.
an oscillatory behaviour and that the initial peak is the dominat- For the non-linear polarization reversal response caused
ing part of the signal. Some part of the curves, e.g the minimum by CFE' (see Fig. 2b) there can be no oscillations since the
observed at about 600 ps after the signal onset, is common for charge is fixed after the reversal of polarization (until a pulse of
the different curves and is caused by variations in the waveform opposite polarity and sufficient amplitude is applied). The charg-
of the applied pulse. However, the initial oscillations demon- ing time in this case is therefore given by Eq.(4). In order to
strate a charging behaviour. This can be related to the LRC cir- allow a comparison of the two circuit dependent response
cuit parameters. The oscillation period Tos0 is given by times, the calculated time TRC is also shown as function of C in

Fig. 7.
Tosc= 2'/\ (1/LC - (R/2L) 2 ). (5)

Preparation of PZT test structures

sIo casac,to, s Ferroelectric PZT films of compositions x = 0.53 and
0.35 were grown on oxidized Si(100) substrates provided by a
bottom electrode consisting of a thin Ti adhesion layer and a Pt
layer. The top electrode deposited on the PZT film was Pt as

I well. Details about the electrodes have been given in Ref(11).
Five PZT thin film samples (A-E) were prepared by spin-coating

0 Ctechniques using different precursor routes. In all cases thpS~C - 0 35 pF
p- films were prepared by repeating a spin-coating step followed

by an intermediate heat treatment step until the desired film
thickness was obtained. Subsequently the films were annealed

C - 0 14 pFat 650-700-C. Sample A with composition x = 0.53 was pre-
pared by decomposition of organometallic compounds (MOD
process) using a furnace pretreatment at 500 C after each
coating. Details of the precursors etc. have been given in
Ref.(12). Samples B-E were prepared by modified sol-gel tech-

,,ue 250 p0 ' P .... niques [12.13]. Samples B and C had the Ti-rich composition (x
= 0.35). Sample B was given a high temperature pretreatment

Fig 6 Signal response to a voltage pulse for z , capacitors on a St wafer at 600-C after each coating, whereas sample C was pretreated
at 300 C. The samples D and E had. similar to sample A. a
composition located at the morphotropic phase boundary (x =

The half period 1/2Tosc. measured as indicated in Fig.6, is 0.53). Both films (D. E) were given low temperature pretreat-
shown in Fig. 7 as a function of capacitance for the different ments at 300-350-C either by hot-plate heating (D) or by fur-
capacitors. It is seen that tne measured period in a large range nace treatment (E). The thickness of all five films after the final
is proportional to XC. In this range the second term of Eq.(5) anneal (650-700 C) were in the range 0.40-0.45 pm.
can be neglected. From this the circuit inductance L can be Ferroelectric capacitors were prepared by etching away
determined to be 10 nH. For small values of capacitance the top electrode and the PZT film outside the capacitor area. In
1 2Tosc is essentially constant with a value of 80 to 90 ps. This this way there is access to both the bottom and top electrode
value is slightly smaller than the estimated instrumental resolu- within a short distance and the parasitic capacitance is mini-
tion. mized.

For a ferroelectric capacitor one can discuss its behav-
iour on the basis of the equivalent diagram of Fig. 2b. The
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time (2ns/div) -a time Q2ns/div) IN

Fig.8 Measurements for samples A and D of the voltage across R for the first and the second pulse (solid and bro-
ken line, resp.) of a double pulse following upon a double pulse with opposite polarity.

Results delay between pulses of the opposite polarity (w3) was 5 ms
and the pulse width was variable between 10 ns and 2 lps.

Influence of oulse width Figure 8 shows for samples A and D the time depen-
dence of the signal across R (see inset (a), Fig.1) for a switch-

It was discussed in the preceeding section that in order to ing and a nonswitching pulse using different pulse widths (the
assure that the experimental response time is small the ferro- same for both polarities). For sample A, both curves are inde-
electric charge to be switched also must be small. This of pendent of the pulse width while for sample D the switching
course leads to a decrease in the signal. If we compare 'fast' curve is reduced in amplitude with decreasing pulse width.
versus 'slow' switching of the same charge, the current will be By integrating the signals the switched (APs) and non-
larger in the former than in the latter case. Fast switching is switched (APns) polarizations can be determined. The differ-
therefore more readily detectable than slow switching. ence, APs - APns, between these two quantities corresponds to
Obviously, there is a problem if the switching is distributed in the diffeTence between the positive and negative remanent
time containing both fast and slow switching components. One polarizations. In Fig. 9, this difference is plotted versus the pulse
way of investigating such effects is to measure the influence of width for all five samples. For samples C, D and E the polariza-
the pulse width. tion markadly decreases with the pulse width whereas for sam-

These measurements were made with a set-up which pie B the polarization is independent of the pulse width. The
already was described in Ref.(8) and which has an instrumental apparent increase in polarization for sample A is merely experi-
time resolution of 2 ns. The pulse sequence in this case has mentally caused (e.g. due to measurements on different capaci-
double bipolar pulses. The delay (w2) between the leading edge tors).
of two consecutive pulses of the same polarity was 10 ps, the The increase in polarization with increasing pulse width

for samples C, D and E can be ascribed to a distribution of
switching times. For a short pulse width only a small part of the

PZT polarization can be reversed and consequently the state of the-sample A: Vp =7VEV=1V,,"j
sample B, C, D and E: V 10 V sample is less changed than it is after a longer pulse. For sam-

ple A and B the switching is faster than the minimum pulse

width of 10 ns and consequently a greater width of the switching
A -pulse does not increase the polarization.

C= For memory applications it is undesirable that the polar-
B, ization depends on the pulse width and only samples A and B

•" 40 seem to have an appropriate behaviour. Clearly for a distinction

between fast and slow switching behaviour, measurements are
1needed on a sufficiently small (fast) timescale. An evaluation on

20 E basis of 'low-frequency' hysteresis measurements is obviously
improper. A further discussion of the results and the possible
causes of the differences is given below.

, , ,Sub-nanosecond switching of PZT
10 100 1000

pulse width (ns) - In this subsection we describe measurements on sample
A with the experimental set-up having sub-nanosecond resolu-

Fig. 9 The difference between the switched and nonswitched polarizations as tion. Fig. 10 displays in the left hand panel the time dependence
a function of the pulse width for samples A, B, C and D. The lines are drawn of the voltage across R for the switching and the nonswitching
to guide the iye. pulses for ferroelectric capacitors of different areas. In the right
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l PZT, sample A

VP =7V, w, = 10 ns

- Pulse I Pulse 1- Pulse 2
"-- Pulse 2

0 0

=AE 1000 pm
2 

x: lns/div 1000 pm
2 x lnsdiv

y: 1OOmV/div y 5OmV/div

AFE 100 pm2 x: 200ps/div AFE 100 pm
2  

x: 200psidiv
y: 5Om'VIdiv y: 25mV/div

AFE = 49 pm' x: 200ps/div AFE 49 pm 2  
x: 200ps/div

yV: 50mV/div y: 25mV/div

AFE = 9m x: 20Vps/div
y: 2OmV/div AF 9 pm

2  
X: l00ps/div
y: 10mV/div

time -- time

Fig. 10 Measurements on sample A. Left hand panel: Measurements of the voltage across R for the first and the second pulse (solid
and broken curve, resp) following upon a pulse of opposite polarity for ferroelectric capacitors having different electrode areas Right
hand panel: Curves of the difference between the voltages for the first and the second pulse.

hand panel the corresponding difference curves are shown. The short as 300-400 ps are observed.
curves show one main peak and a series of minor oscillations. From integration of the time dependent voltages the
These are largely caused by a non-ideal pulseform and were switched and non-switched polarization and their difference has
observed as well in the measurements of the SiO 2 capacitors been determined as function of the capacitor area AFE. The
described above. Here they are apparent if the curves for the results are shown in Fig. 11. For small areas there is an appar-
capacitors of areas 100 and 49 pm 2 are compared (left hand ent increase in the polarization. This is caused by a parasitic
panel). With decreasing area of the ferroelectric capacitors the capacitance and is not present in the difference curves. It
response time of the signals decreases and switching times as should be noted that the polarization values determined in these

measurements agree with those determined above using the
300 10 ns other set-up.

VPZT, sample A After this verification of the measurements we turn back to
Vpise = 7V, w 1 = 0 Fig. 10. As a measure for the switching time we take the time

E from the onset of the difference pulse until the signal has

decreased to 10% of the peak value. This time ts is indicated in
Fig. 10 (right hand panel, 49 pm 2). In some cases the non-ideal

z 200 pulseform has to be taken into account when measuring ts. On
- 1 the basis of two different measuring series, ts has been deter-

C0 - mined as a function of the capacitor area and is plotted in the

upper panel of Fig. 12. For AFE -> 100 pm 2 there is a marked
increase of ts with area while there is a levelling off for the

.-Pns smallest areas. This could mean that we are reaching either the
100 intrinsic switching time for the ferroelectric film or a limit which is

A .\Ps - -Pns given by the experimental resolution. We have therefore calcu-
A A A lated the time resolutions TLC (with C = APnsAFEiVp) and IRC

A A (with C = NPsAFE/Vp) and these are shown in Fig. 12. upper

panel, together with the instrumental resolution T,. Clearly, the
experimental resolution is considerably smaller than ts for the

01 smallest capacitors but it cannot be neglected. If one corrects
10 100 1000 the switching time for the experimental broadening the true

AFE (pm 2 ) - switching time ts' should be obtained. This time is calculated by

Fig 11 The dependence of the polarization of sample A on the area of the fer-
roelectric capacitor. ts = \(ts2 

- tLC RC- ) (7)
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PZT, sample A
iw, 1 lens //."N• .

_/ N •l

Si 7 10n

E 7. 05 pm

.- " /b)

0.1 ---
t----

t s - (•,+.LC2*IRC2; Fig. 13 Film morphology for a) a coarse grained PZT film and b) a fine grained

film with columnar structure and an epitaxial relationship within the column
For

C

E ,ceramic-like with at least two grains across the film. These
grains do not have any epitaxial relationship. In Fig. 13 the two
structures are indicated with their typical dimensions (the bars

indicate the lateral dimensions only).

The switching in the situation with a columnar. epitaxial

10 100 1000 structure is similar to that of a single crystal, while for the other

AFE(Pmz) 2 case the situation is similar to a ceramic. The ferroelectric
domains are limited within each grain and in the last case
switching means at least a redistribution of charge within therig. 12 Upper panel: The switching time ts measured for sampie A as a .Jnc- film at the domain walls (at the grain boundaries). Since PZT is

tion of the capacitor area. The circle and the squares represent two sets of

measurements. The instrumental response time r, and the calculated times a good insulator this process needs time. With a distribution of
t

L.; and rRC are also shown. Lower panel: The switching time t' ahter correct- grain sizes and crystallographic orientations one therefore
ing ts for experimental broadening. expects a distribution of switching times, with each sample

ing its own characteristiscs. This explains the observations tor

samples C, D and E and perhaps also the measurements
In Fig. 12, lower panel, ts' is plotted as function of AFE. For described in Refs.(6.7). For the case of the columnar, epitaxial
small areas it is constant within the experimental spreading and structure, domains can proceed across the film from one to the
has a value of about 360 ps. Above 100 pm 2 ts' increases with other electrode. Switching in which only charge redistribution
the area. Here the experimental resolution becomes larger than occurs at the electrodes will not be lirT 'ed by any internal
the true switching time and consequently a larger accuracy in charge redistribution and can therefore be fast. This is most
determining both t s and the resolutions are needed to obtain probably the case for the switching in samples A and B.
reliable values in this range. In Fig. 14, we show two possible domain configurations

We have here experimentally determined a switching time allowing fast switching. In both cases the charge at the

of 360 ps for one sample at an electric field of 16 V/pm (Vp = film/electrode interfaces changes in sign at switching. For the
7V, d = 0.43pm). Other (preliminary) results indicate an increase 1800 domains there is no charge at the domain walls. For the
in switching time for decreasing field but they will not be includ- 90° domains these domain interfaces are charged but with the
ed here. same charge independent of the direction of the electric field.

Therefore no charge redistribution at the domain walls is need-

Discussion ed in this case.
grains

There are two main points which we will address here. One is
the explanation of why in some cases one finds that the switch-

ing has a wide time distribution while in other cases the switch- 4 /7//i
ing is very fast. The second point is the discussion of possible

causes of the very short switching time of 360 ps measured for L 180, L-90,
an applied field of 16 V/pm for sample A. domains domains

Concerning the first point we note that samples C, D and
E were prepared with a low temperature pretreatment step after

each spin-coating, whereas sample A and B were prepared with /7/7/f
a higher temperature furnace pretreatment. In the latter cases
the temperature was high enough to produce crystalline PZT
[12], while in the former cases only amorphous phases were
formed (i.e. after each coating treatment). A recent investigation Fig. 14 A 180' and a 90 domain configuration in a film with a columnar struc-

by Klee et al. [141 in which thin PZT films were prepared by dif- ture with an epitaxial relationship across the film.

ferent spin-coating techniques and investigated by transmission
electron microscopy JTEM) has shown that in the case of high
temperature heating steps after each spin-coating the film has a Finally, we will shortly comment on the actual switching
columnar morphology with an epitaxial relationship of the grains mechanism. We exclude the case of two-dimensional domain
across the film. For the low temperature heating steps the film is growth because the lateral mobilities are very small [4]. Then
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there seems to be two possibilities. One is the mechanism [31 H.L. Stadler, "Thickness Dependence of BaTiO 3 Switching
described by Merz [1] in which a high nucleation rate is sup- Time", JAp.l•., vol- 33. pp. 3487-3490,1962
posed. The switching time is then determined by the speed of
domain walls propagating across the film. With our results (ts = [41 E.G. Fesenko, A.F. Semenchev and V.G. Gavrilyatchenko,
360 ps and d = 0.43 pm) one finds v. ý 1 km/s. This is still con- "The Switching of PbTiO 3 Crystals", Ferroelectrics, vol 13.
siderable smaller than the propagation speed of an elastic wave pp. 471-473, 1976.
and might well be possible. However, the results obtained for
single crystal PbTiO 3 indicated much smaller speeds at the [5) J.F. Scott, B. Pouligny, K. Dimmler, M Parris, D. Butler and

actual field of - 15 V,'jim The second possibility is that S. Eaton, "Activation Field, Fatigue, and Waiting-Time
described by Stadler [2]. In this case the switching is a bulk Effects in KNO 3 Thin-Film Memories". J. Aggl. Phys.. vol. 62,
effect and is not caused by movements of domain walls. This pp. 4510-4513. 1987.
means that all the dipoles in a domain are almost simultanously
reoriented by the electric field. This behaviour has recently [6] J.F Scott. L. Kammerdiner. M. Parris, S. Traynor, V.
been treated by Cabezuelo et al. [151 and by Messenger [16]. In Ottenbacher, A. Shawabkeh and W.F Oliver, "Switching
each unit cell the ions will change between equivalent configu- Kinetics of Lead Zirconate Titanate Submicron Thin-Film
rations, separated by potential barrier(s). Memories", J. Ao!l. Phys., vol. 64, pp. 787-792, 1988.

Obviously, a further discussion of the details of switching
requires further experimental information. The dependence of [7] HM. Duiker, P.D. Beale. J.F Scott, C A Paz de Araulo, B.M.
the switching time on thickness, field and temperature have to Melnick, J.D Cuchiaro and L.D. .1.cMlian. "Fatigue and
be studied. Knowledge about the relation between the actual Switching in Ferroelectric Memories: Theory and
domain structure and the switching time is needed. This can be Experiment". J. Aopl, Phys., vol. 68, pp 5783-5791, (1990).
obtained by carrying out switching measurements and TEM
investigations on the same sample. [8] P.K. Larsen. G.L.M. Kampschoer, M.J.E. Ulenaers, G.A.C M.

Spierings and R. Cuppens. "Nanosecond Switching of Thin
Summary Ferroelectric Films". Appt. Phys. Lett.. vol 59, pp. 611-613.

1991.

In this paper we have described an experimental set-up
for ultrafast switching measurements. The instrumental time [9] S.K.Dey, C.K. Barlingay, J.J.Lee. T.K. Gloerstad and C.T.A
resolution was measured to be '< 100 picoseconds. An analysis Suchicital, "Advances in Processing and Properties of
of the test circuit showed that this could be considered as a Perovskite Thin-Films for FRAMs, DRAMs, and Decouplirg
LRC network having an non-linear ferroelectric capacitor. The Capacitors", Proceedings 3rd Intern. Symg. (nt.
switching and the nonswitching ferroelectric charges were Ferroelectrics, Colorado Spring,. pp.30-43, 1991.
shown to determine the RC and LC network time constants,
respectively, and the overall experimental resolution. [10] M.B. van der Mark. G.L.M. Kampschoer and P.K. Larsen,
Experiments on PZT films demonstrated switching within 360 (in preparation).
picoseconds as well as switching time distributions extending to
more than 2 microseconds. It was argued that the extended [111 G.A.C.M. Spierings. J.B.A. van Zon. M. Klee and P.K.
switching times can be related to a ceramic-like morphology of Larsen, "Influence of Platinum-Based Electrodes on the

the films and that they are caused by the time needed for Microstructure of Sol-Gel and MOD Prepared Lead
charge redistribution within the films. The fast switching is Zirconate Titanate Films". Proc. 4th Int. Symp. Integrated
observed in films with an epitaxial relationship within columnar Ferroelectrics. Monterey. March 9-11. 1992.
grains. It can be explained by 180 and 90 domain configura-

tions needing only charge redistribution at the film-electrode [12] M. Klee and P.K. Larsen. "Ferroelectric Thin Films for
interphases during switching. Two switching mechanisms might Memory Applications' Sol-Gel Processing and
explain the fast switching. One is based on a high nucleation Decomposition of Organo-Metallic Compounds". Proc. 25th
rate and propagation of domains across the film thickness, The Aniversary Meeting Dielectric Society, London. April 13-15,
ott-r one assumes a simultanous reorientation of the feiroelec- 1992.
tric dipoles (bulk switching).
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LEAKAGE CURRENT MECHANISM AND ACCELERATED UNIFIED TEST
OF

LEAD ZIRCONATE TITANATE THIN FILM CAPACITORS

In K. Yoo and Seshu B. Desu
Department of Materials Science and Engineering
Virginia Polytechnic Institute and State University

Blacksburg, VA 24061

Leakage current was investigated for lead zirconate Leakage current
titanate (PZT) thin films on platinum (Pt) and ruthenium
oxide (RuO, ) electrodes. Schottky emission was observed Current-voltage characteristic curves (I-V curve) for
for both PZT capacitors. An accelerated unified test tech- PZT films with Pt and RuO. electrodes are shown in Fig. 1
nique was also suggested which can measure fatigue and time where "instant" breakdown fields (the minimum electric field
dependent dielectric breakdown (TDDB) simultaneously in a at which devices break down as soon as it is applied to the
short period of time. PZT films on RuO, electrodes show sample) are also shown. It was observed that PZT films with
longer breakdown lifetime than those on Pt electrodes under Pt electrodes show frequent fuse effect (momentary increase
alternating voltage stresses. of leakage current during test) with low electrical degrada-

tion before breakdown. For RuO, electrodes, electrical
degradation (with a smaller scale of fuse effects that Pt elec-

Introduction trodes) occurs earlier and lasts longer than Pt electrodes
before breakdown. When polarity is reversed, I-V character-

There have been many attempts to develop non-vola- istic becomes asymmetric.
tile memories using ferroelectric materials. It is well known
that the main limitations for such commercial applications are
degradation properties such as fatigue, aging, and electrical A
degradation including low voltage breakdown. With recent - e-
development of ceramic electrodes for ferroelectric capaci-
tors[ 1-4], the fatigue problem has been overcome and it has
been reported that no significant fatigue was observed up to
10" test cycles for lead zirconate titanate (PZT) thin films 0 Ed
using RuO, electrodes[3,4]. However, it has also been point- 1250 C Elecrical degradation
ed out that PZT films with such ceramic electrodes show dominant
higher leakage current than those with conventional metal
electrodes, with long pre-breakdown range under DC 0 C-.

electric fields[I]. In order to improve leakage current and
breakdown properties for such films, the mechanisms for
these phenomena should be understood extensively. Leak- Fuse effect
age current and TDDB of PZT films on Pt electrodes have 4 > • i=
been reported by some authors[5,6]. In this paper, the 104 F dominant
source of such conduction was investigated for PZT films on X
both Pt and RuO, elecuuodes. u 0

In our earlier studies on degradation properties, we 10 00 0 / "a

have shown that oxygen vacancy is a common source of C" °n (Z
degradation properties and it is expected that reliability can 0 "
be improved simultaneously by controlling oxygen vacancy 1. N 11
behavior. This leads us to the realization of the importance 07o N• 1
of correlation studies among fatigue, aging, and leakage 12 0 a

current/TDDB. The correlation studies also bring about the
issue of necessity of simultaneous reliability test techniques.
So far, each degradation test has been performed separately
for qualification of ý ievice. For example, fatigue was main- •
ly tested under altc, ting pulses or square waves and time 10
dependent dielectric breakdown (TDDB) test was carried out 0.0 0.2 0.4 0.6 0.8 1.0
under DC electric fields. But , eventually, the device should
be qualified under real service conditions. Hence, a unified
test technique is required for simultaneous evaluation under
the same service condition. It is also desirable to accelerate
the unified test in order to evaluate devices in a short period Fig. 1 Current-Voltage Characteristics
of time. Therefore, breakdown of PZT films with both Pt
and RuO, was investigated in this paper in conjunction with
fatigue for both correlation studies and development of uni-
fied test.

C[ 13080-0-7803-0465-9/92$3.(X) ©IEEE 225



There are several types of leakage current mecha- of the fact that PZT films were annealed at 6500C after
nisma[7]. Ohmic behavior is observed at low fields. Under deposition on the bottom electrode, and the top electrode
high electric fields, where devices exhibit non-ohmic current, was deposited on PZT with no annealing, it is highly possible
electrical behavior is governed by oxygen vacancy diffusion, that an interlayer forms between PZT and bottom electrode
space charge limited current (SCLC) injection, grain bound- only. Even though PZT/bottom electrode forms higher
ary potential barrier, tunneling, Schottky emission, or Poole- potential barrier than top electrode, it gives higher Richard-
Frenkel emission. SCLC injection occurs under fields on the son constant, which results in higher electron emission firom
order of 1-10kV/cm, and Schottky emission, under fields on bottom to PZT than from top to PZT.
the order of 0.1MV/cm. Tunneling is observed under fields
on the order of 100MV/cm. I-V characteristics of PZT 9

capacitors did not show ionic type conduction at temperatures
lower than 150(C. It is hard to believe that leakage current a
of PZT thin films is controlled by grain boundary potential 1250 C
barrier because there exists little chance for the thin film to 7
form grains across electrodes as long as film thickens is of the E
oider of 1000A. Therefore, the likely leakage current mech-
anism may be Schottky emission or Poole-Frenkel emission. t e
Schottky emission occurs at the insulator-electrode contact 5
and Poole-Frenkel, in the bulk. Then, the asymmetric I-V e 04

curve in Fig. 1, which is due to opposite polarity, highly W 4
supports the Schottky emission as a pertinent leakage current e /
mechanism for PZT thin films, because the I-V curve should 0 C

be symmetric for Pool-Frenkel emission as long as such e 1/2

emission occurs in the bulk. e o JJ eo
e2 0

The Schottky emission is analogous to thermionic
emission of electrons from metal into vacuum. For metal- e
insulator junction, the emission is governed by the equation: e0

J =A*"T'exp[( -# +arfl)kT] (1) 0.2 0.3 0.4 0.5 0.6 0.7

where J is the current density, A" is the effective Richardson Electric field (E /2) (MV/cm) /2

constant, 4 is the effective Schottky barrier height, a is a
constant, and E is electric field. When the Schottky emission Fig. 2. Internal Field Effect on I-V
occurs in linear dielectrics, a plot of lnJ versus El (voltage Characteristics
dependence) or ln(J/T2) versus 11T (temperature dependence)
would be linear. However, for ferroelectrics, there exists
polarization under external electric fields and the polarization : e
gives rise to an internal field. Thus, the net (effective)
electric field is expressed as a lecal field and the electric field e
term should be replaced as follows: Pt/PZT/Pt

ae 0.2 MV/cm

E = - (2) 8

where E, is the applied external field, q is the depolarization 7 Q= .22 eV
factor, and P the polarization induced by external field EA, "> e7

Since polarization P is measurable at each electric field,
when J versus (EA- qP)' is plotted, it gives good curve fitting e o
for PZT films as shown in Fig. 2. Temperature dependence !
of leakage current of PZT films are shown in Fig. 3. Electri- c e 5
cal degradation starts as soon as electric field is applied at
high temperature showing high current level. These cur- 4
rents are excluded when calculating activation energy of e 6,
stabilized leakage current. PZT films with Pt electrodes ZŽ.
show essentially the same Richardson constant for each e
polarity with dissimilar activation energies. The potential 2 A**= .93x10-6
barrier difference may come from difference in PZT-Pt inter- e Q .3 eV
face conditions between top and bottom electrodes which
may be due to the effect of processing conditions. As for e-
RuO, electrodes, Richardson constant of the top electrode is 2.0 2.5 3.0 3.5
different from that of the bottom electrode, which implies
contact structures are different from each other. In the light 1000/7T (°K-')

Fig.3.a Temperature Dependence of-

Leakage Current (Pt).
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Fig.3.b Temperature Dependence of

Leakage Current (RuO.). Fig. 4 Breakdown Test under DC

and AC Field.

Accelerated unified test

The conventional breakdown test of a device is carried
out under DC electric field at a certain temperature. But in
ferroelectric memory applications, alternating pulses are Test time (see)
applied to devices in order to switch their polarization state. 0 1 10 102 10a 104
In this case, the actual breakdown occurring under AC pulses 1.5
may show different TDDB results from those under DC bias.
Since breakdown test under such AC field is close to real
service conditions, it is desirable for reliability testing to run 1.0-
fatigue test until breakdown occurs. In general, however, r

0fatigue test takes a long time with much more delayed break- 2-
down under normal conditions such as at room temperature 200 C:q0.5 0. 16MV/cnm
up to 10" cycles, so that the test needs to be accelerated '.. Breakdown
controlling frequency, voltage, temperature, etc. in order to
save testing time. An example of accelerated unified test for a. 0.0
PZT films is shown in Fig. 4, where TDDB under DC voltage " 0
is evaluated by testing time and ,nified fatigue/breakdown, by
test cycles. Comparison of the unified te.t between Pt and -0.5
RuO, electrodes is illustrated in Fig. 5, where PZT films with Breakdown
Pt electrodes show fast fatigue with sudden breakdown when o 0 Pt/PZT/Pt
samples are tested by 1MHz square wave at 200*C and ± 7V. z
On the other hand, RuO, shows no breakdown up to 10' -1.0
cycles. This may result from long range of pre-breakdown of . /PZT/Ru0.
PZT films on RuO. electrodes. Even though electrical -1.5' ' 2 4 5 6 7 8
degradation occurs earlier in PZT films on RuO, it does not 1 10 102 10 10 105 10 107 108 10 10

affect polarization as long as the current level is still low
compared to the polarization. As for Pt electrodes, it may Test cycles
show longer lifetime than RuO, because it has lower electrical
degradation rate; however, fuse effect might affect polariza- Fig. 5 Unified Test for PZT Capacitors
tion during operation even if it is not the real dielectric brea-
kdown. In general, it has been observed that once PZT
with Pt electrode break down after fatigue/breakdown test, it
shows permanent failure, which means that the sudden in-
crease of polarization in unified test for PZT with Pt elec-
trodes is caused by real breakdown. It is possible that break-

wn has been accelerated by alternating electrical shock.
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As pointed out in fatigue mechanism[ 1,2], PZT-electrode References
interface tends to trap vacancies such as oxygen vacancy
because of mismatch in lattice structures between PZT and [11 S.B. Desu and I.K. Yoo, "Electrochemical Models
the electrodes. Then vacancies are continuously trapped at of Failure in Oxide Perovskites," ISIF 92 Proceed
the interface for the Pt electrode even under AC field be- migs, 1992.
cause of abrupt transition of chemical potential from PZT to
Pt. On the RuO. forms smoother chemical potential transi- [2] I.K. Yoo and S.B. Desu, "Mechanism of Fatigue in
tion in that sense and therefore the vacancies can move back Ferroelectric Thin Films, " Physica Status Solidi(a),
and forth under alternating voltage stresses. Vacancies will vol. 133, no. 2, 1992
move more freely from PZT to RuO. under DC field and [3] D. Vijay, W. Pen, C.K. Kwok, l.K. Yoo, and S.B.
gives higher electrical degradation which might be related to Desu, "Electrode Effects on Electrical Properties of
the ionic conduction; however, this degradation can be par- PZT Thin Films, " ISAF 92 Proceedings. 1992.
tially healed by opposite vacancy movement from RuO. to the
PZT bulk, which can delay the breakdown. Similar "healing [4] S.D. Bernstein, T.Y. Wong, Yanina Kisler, and
effect" by vacancy movement has been reported by some R.W. Tustison, "Reactively Sputtered RuO, Elec
authors[8]. trodes for Ferroelectric PZT Capacitors.

Conclusions [5] J. Carrano, C. Sudhama, and J. Lee, "Electrical and
Reliability Characteristics of Lead Zirconate

Following results are obtained from this research. Titanate (PZT) Ferroelectric 'I ron Films for
DRAM Applications," IEEE IEDM, pp.255-256,

1) Leakage current of PZT capacitors shows Schottky 1989.
emission behavior.

[6] C. Sudhama, J.C. Carrano, LH. Parker, V.
2) Schottky barrier heights are asymmetric between Chikarmane, J.C. Lee, A.F. Tasch, W. Millcr, N.

top and bottom electrodes probably because of different elec- Abt, and W.H. Shepherd, "Scaling Properties in the
trode processing conditions during capacitor fabrication. Electrical and Reliability Characteristics of Lead

Zirconate Titanate (PZT) Ferroelectric Thin Film
3) PZT capacitors with RuO. show earlier electrical Capacitors," MRS Sym. Proc. vol. 200, pp.331-336,

degradation than those with Pt electrodes under DC electric 1990.
field. However, films on RuO. show better breakdown
properties under AC field because of healing effect due to [7] H.Y. Lee, K.C. Lee, J.N. Schunke and L.C. Burton,
better lattice match between PZT and electrodes. "Leakage Current in Multilayer Ceramic

Capacitors," IEEE Trans. , vol. CHMT-7, no. 4,
pp. 443, 1984.

[8] I.K. Yoo, L.C. Burton, and F.W. Stephenson,
"Instability of Insulation Resistance for Thick Film
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AC CONDUCTIVITY AND DIELECTRIC PROPERTIES OF SOL-GEL PZT THIN
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Abstract The a.c. conductance and complex capacitance were
measured by an HP4192A Impedance Analyzer. The temperature of

Dielectric properties and a.c. conductivity of sol- el PZT the film during the measurements was controlled by an OMEGA
thin films are measured at frequencies between 10 and 106Hz and mode CN2010 temperature controller. The whole experimental
temperatures between 25 'C and 500 'C. At high frequencies, e.g. system was controlled by an HP9000/PC305 computer. For the a.c.
> 2 kHz, a maximum is observed in the real part of the complex measurements, the signal level was set at 0.1 V, and the parallel
dielectric constant, which corresponds to the Curie point. However, circuit mode was used.
at low frequencies, e.g. 200 Hz, the dielectric constant increases
monotonically with temperature. A space charge blocking model Results and Discussions
and an electric charge hopping model are discussed in order to
explain this phenomenon. Further experimental results on the Since dielectric constant and conductivity are directly
frequency dependence of dielectric constant and a.c. conductivity proportional to the capacitance and conductance of specimen
provide additional support for the charge hopping model. The capacitor, respectively, for simplicity, we will just show
activation energy of a.c. conductance at high (QI) and low (Q2) capacitance and conductance data without converting to the
temperature ranges are obtained by fitting the data with formula corresponding dielectric constant and conductivity. Figure 1 shows
Gac=G 10e-Ql/kT+ G20 e-Q2/kT+ Ger . These values are about 1.3 the real part (C') of the complex capacitance of PZT thin film vs.
ev and 0.34 ev, respectively, and have the relation Q2=(I-n)QI. temperature for various frequencies. At high frequencies, the
Implications are discussed. capacitance shows a wide peak around the Curie temperature of

PZT, which indicates the ferroelectric/paraelectric phase
Introduction transformation as mentioned before. However, at low frequencies,

the capacitance increases monotonically with temperature, without
The ability to fabricate ferroelectric thin films has brought showing the phase transformation peak. The increase of theabout extensive research on macroscopic electric and ferroelectric dielectric constant with temperature at low frequencies has been

behavior, such as fatigue, retention and leakage current. These observed in many dielectric bulk materials and has been attributed to
macroscopic properties directly determine the performance of the space charge blocking at electrodes [ 2 1. It has been suggested
ferroelectric device. It is commonly believed the properties are that high signal frequencies be used to avoid this space charge
related not only to the lattice structure of the film material, but also to blocking effect . For the PZT thin films, from Fig. 1, it seems
other microscopic factors, such as, electrode/ferroelectric thin film initially that the observed phenomena can be explained by the phase
interface, grain and/or domain boundaries, space charges, donor or transformation dominating the dielectric behavior at high
acceptor dopants, etc.. To improve the performance of the devices, frequencies, but with the space charge effect masking the peak at
it is very important to understand the effects of the microscopic low frequencies. However further experiments discussed below
features mentioned above on the macroscopic system properties. In will show that the space charge effect can not fully account for all

this paper, we concentrate on the small signal ( low applied voltage) the experimental results. Another mechanism must be invoked to
properties. While the device operate at high applied field, they are explain the results.
commonly exposed continuously to low fields. In addition, the low i.5 10-9 _
field properties may be correlated directly to the microscopic features 1.5,10
mentioned above.

0

For an ideal ferroelectric bulk material, the real dielectric ' 200Hz
constant usually shows a peak around the ferroelectric/paraelectric 1.0 10.9- 0
phase transformation temperature, and obeys the Curie-Weiss law ,
on the higher temperature side of the peak I1]. This peak is an
indication of the phase transformation. However, our experimental U..., • 2 kHz
results of sol-gel PbZrxTilxO3 ( PZT ) thin films showed that 5.0 10-10
sometimes, especially at low frequencies, the peak might not appear,
instead, the real dielectric constant monotonically increased with 200kHz
temperature. The monotonic increase has been observed in many
dielectrics, and was attributed to space charge blocking effect [2].
The question which arises is whether, for the PZT thin films, the 0.0 t10 , , I ,
phenomenon can also be explained with the space charge blocking 0 100 200 300 400 500 600
effect ,or whether an alternative mechanism must be invoked. In the T(0C)
present paper, we will show that for PZT thin films, there is Fig. I Real part of complex capacitance as functions of temperature
difficulty in utilizing the space charge blocking model to explain the at various frequencies for sol-gel PZT thin film.
experimental results. An alternative model will be discussed.

Experimental Before proceeding with the discussion, it is relevant to

The sol-gel PZT thin films ( Zr/Ti =53/47) analyzed in this clarify the term "space charge" in insulators.
paper were provided by Raytheon Corporation. They were Space charge usually appears in insulators, semiinsulators
deposited onto oxidized silicon substrates with about 1000 A films and semiconductors. Since PZT is an insulator, we will just restrict
of Ti and Pt serving as the bottom electrode. The PZT film the discussion to insulators in the present paper. The general term"
thickness is about 1700A. Top contacts of 100xI00()i(m) 2 area were space charge " has often been used in literature without specifying
deposited by a plasma sputter deposition technique with lift-off the nature. However, it can have several different meanings based
photolithography. Ferroelectric hysteresis loop measurement on the origin of the charge. It can be roughly classified into therevealed good ferroelectric behavior e following categories:

1) The charge resulting from carriers which are injected from

electrode into the insulator under a strong electrical field[ 31.
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These charge carriers are usually electronic. The charge complex dielectric constant and a.c. conductivity ( Oac) vs.
carriers distribute in the insulator nonuniformly. If the frequency (on) of an ideal Debye relaxation. Here o is angular
electrical current is controlled by this type of space charge, it
follows the Langmuir-Child law, i.e. I = b V2, where I and V frequency, x is the relaxation time. In real cases, the curve may
are d.c. electric current and applied voltage, respectively, b is change somewhat, e.g., the peak may be widen. However, the
a constant[ 3 1. relaxation characteristics , i.e., the step changes of oY., c' vs. wtt

2) The charge within the depletion region which results from the
mismatch of the Fermi level of the electrode and the insulator, and the peak of e" vs. ot remain unchanged 15-71.
or from the surface states of the insulator. This kind of charge
is nonmobile. This is the case of the so called Schottky For the case of PZT thin films, the dielectric properties
contact in the semiconductor field 14 J. (complex capacitance) and the a.c. conductance Gac were

3) The charge accumulated around grain boundaries in some ionic measured as functions of frequency and temperature. The real part
ceramic materials without any external electric voltage applied. C' of the complex capacitance vs. frequency at various film
Since the energy to form a negatively charged cation vacancy temperatures are shown in Fig.3. Being consistent with Fig. 1, the
differs from that of positively charged anion vacancy on grain real capacitance at high temperatures in Fig.3 show a strong
boundary, there exists an excess of one type of charge which dispersion at low frequencies. However, the characteristic of the
must be neutralized by opposite charges. These opposite space charge blocking effect, i.e., a step change as shown in Fig.2
charges distribute around the grain boundary, forming the was not observed. Figure 4 shows a plot of a.c. conductance vs.
space charge cloud 121. frequency at various temperatures for the same specimen analyzed in

4) The charge resulting from the carriers which pile up in the Figs. I and 3. No step change like that shown in Fig.2 was
front of blocking electrodes or other blocking interfaces, e.g. observed , either. On another sol-gel PZT thin film from an
grain boundaries, after application of an electric field. This alternative source, we once measured C and Gac as functions of
effect is also known as interfacial polarization. The charges frequency at up to 600 OC and at down to 5 Hz, and no sign of the
were compensated by each other or by other charges in the step change of C' and Gac were observed. The phenomena
insulator before the electrical voltage is applied. After an described above have also been observed in laser ablated PZT thin
electrical voltage is applied, the carriers with positive and films [ 8 1. These experimental results could not be explained by
negative charges migrate in opposite directions until they are the space charge blocking effect alone.
stopped by the blocks mentioned above, forming the space
charge zone. The space charge blocking effect can lead to the 1
dispersion of the real dielectric constant at low frequencies,
and particularly at higher temperatures because of the higher 5000C
mobility of the charge carriers 1 2,5 J. This type of space 8 410 a 400"-
charge is what is referred to in the space charge blocking 300'
model mentioned in the proceeding sections. In the following 2001C
sections, when we mention space charge, it will always mean 6.
this type of space charge.

The space charge blocking effect on a.c. conductivity and 410-0 -

dielectric properties has been intensively studyed theoretically and
experimentally [ 6,7 1. The basic results are that both real dielectric 210-10 -
constant V' and a.c. conductivity 0 ac exhibit a step like change,
similar to a Debye relaxation behavior as depicted in Fig.2. The log- 0
log plot of E' vs. on reveals a straight line with a slope of -2 in the 10.1 100 10' 102 101
transient frequency range ( 7 1. These behavior are the F(kHz)

characteristics of a Debye relaxation. As a matter of fact, the
interfacial polarization can be simulated by a capacitor with or Fig.3 Real capacitance vs. frequency at various temperatures for
without leakage. This capacitor is connected in series with the sol-gel PZT thin film. The dispersion at high temperatures are
ferroelectric film layer which is usually represented by a parallel obvious. No shoulder as shown in Fig.2 was observed down to 5
capacitor - resistor unit [ 5,6 1 . The process of charging to this Hz at up to 500 °C.
system is virtually of a Debye relaxation. Figure 2 depicts
theoretical curves of the real (E') and imaginary (c") parts of the

1.2 - , .,1 1.1 -

AC' At/; ' •a" 5000C,

E 0.8
0 &

~0.6 C)

0.4 a 4o a

0. 0 aO 0 aa 0-a1

0 .A,,.I'l 09
1 0 -2 I O 1 I to 0 1 0 1 1 0 2 1 0 3 1 0 .

G.OT 10-1 I00 101 102 10 3

F(kHz)

Fig.2 Normalized a.c. conductivity (Yac, real (e) and imaginary Fig.4 AC conductance of a sol-gel PZT thin film as functions of
(C") parts of complex dielectric constant of an ideal Debye relaxation frequency at various temperatures. At lower temperatures (< 200
as functions of frequency. Ac' =:'-c . t is relaxation time. 'C), Gac-O)n at frequencies between 10 Hz and 100kHz. The slope

n is about 0.7.
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By further inspection of Fig.4, some interesting features can
be observed. At low temperatures ( < 300'C), the log-log plot of C (u1~nl-1 +(oi.•)n2- (2)
a.c. conductance exhibits a linear behavior in 10-1-10-2 kHz
frequency range. At high temperatures (>350*C), a component where both exponents nI and n2 are in the range of 0 to 1. wcc is
which is independent of frequency, a characteristic of d.c thermally activated and determined by hopping distance, activation
conduction , becomes dominant at low frequencies. Generally, a.c. energy, temperature and other parameters 112,13 ]. It has the form.
conductance is composed of two parts, i.e.,

O,•=Oe" Ea/T (3)
Gac--Go+G(o)) (1)

where Go is the frequency independent component which where woe is a characteristic frequency and Ea is hopping activation
predomninets at high temperatures and low frequencies, and G(w) is energy. By using the relation between a.c. conductance Gac and

imaginary capacitance C", Eq.(l ) can be easily derived from Eq.2,
frequency dependent component which is proportional to (an and i.e.,
predominant at low temperatures and high frequencies. The Gac--o)C"~ Wo( )n I +((W(c)n2-1) (4)
exponent n is equal to the slope of the log-log plot, and was
found to be about 0.6-0.8 in our sol-gel PZT thin films. In the special case, nI=0, n2=n, Eq.(4) becomes
Comparing Fig.3 with Fig.4, it appears that the strong low
frequency dispersion of real capacitance is related to the frequency
independent component Go. This implies that the Go is not simply Gac--p'%c + p ( -)l'n (0

due to the normal d.c. conduction because a normal d.c. conduction =GO+G(ow) (5)
does not contribute to any polarization, hence to the dielectric
constant. where p is a constant, G0=p()c=p0)ee-EaAT, which is frequency

In order to get a better insight into the mechanism governing independent component with an activation energy of Ea;

the real capacitance and conductance behavior analyzed above, G(W)=Ao9n, which is frequency dependent component. Here A is
imaginary part (C") of the complex capacitance was calculated from independent of frequency, but dependent on temperature in the
the a.c. conductance by using the formula C"=O)Gac 1 2 1. A log- form
log plot of C" vs. F for various film temperatures are shown in A -p((%)l-n =p0)I-n e-(l-n)EaAT (6)
Fig.5. The first noticeable feature is that there is no peak which is
one of the characteristics of the space charge blocking effect. Obviously, the apparent activation energy (I -n)Ea of G(o) is much
Secondly, the slope of the straight line of logC"-iog F at high
temperatures and low frequencies equals -1 which is the natural smaller than the activation energy of G0

result of the frequency independent conduction. In order to confirm the validity of Eq.(5) to our PZT thin
The above-described behavior has been widely observed in films, the activation energy of the frequency dependent and

so-called charge carrier systems [ 9-111. Jonscher performed independent components were measured by fitting the curve of the
extensive analysis of a great deal of dielectric data for a large number a.c. conductance vs. reciprocal of temperature using the equation:
of materials, and suggested dividing those materials into two types -Q2AT
[ 11]. The first type includes the materials in which dipoles play a Gac=G10e'Ql/kT + G20e T+ Ger (7)
major role in the polarizing process. In this type of dipole systems,
dielectric loss peak can be observed in the frequency spectrum. where the first and second terms correspond to Go and G(o)) in
This peak is due to the dipole reorientation under the applied electric Eq.(l) or Eq.(5), respectively. QI and Q2 are the corresponding
fields. The second includes the materials in which hopping charge activation energy. G is a temperature independent but frequency
carriers, electrons or electronic holes, ions etc., dominate the er
polarizing process. For this type of charge carrier systems, no dependent parameter which needs to be introduced to get a good
dielectric loss peak could be observed even at the lowest fitting. It is not clear at this time whether Ger has any physical
frequencies. Instead, a strong low frequency dispersion of real meaning , e.g. a representation of some temperature insensitive
dielectric constant was commonly observed [ I 1. Our PZT thin conduction processes, or not at all. In any case, the first two
films clearly belong to the second type. terms are the main object of the discussion here.

Moreover, Jonscher also recognized that the dielectric Figure 6 shows the a.c. conductance vs. reciprocal of the
behavior of the charge carrier systems usually obey a "universal" film temperature for three differcin frequencies. The data was
power law of the form: 1 10] obtained on cooling. In the later period of measurements, i.e., at

lower temperatures, good contact between the electrical probe tip
and the top Pt contact on the PZT film could be broken due to a

10.6 •thermally induced contraction of the probe tip. Therefore, the probe
tip needed to be relocated on the Pt contact whenever a break
occurred. The relocation of the electrical probe tip may be
responsible for the abnormal abrupt changes observed in Fig.6,

- 5(X0C especially on the curve of 0.2 kHz. In the figure, the solid lines
10-8 are the fitting curves. The fitting is very good at 20 kHz and 2 kHz.
S" 2r" At 0.2 kHz, because the conductance value is in the vicinity of the

U [-sensitivity of instrument, and also because of the above-mentioned
probe tip relocation, the data deviates from the fitting curve. It is

10-10 relevant to notice that the curve section in the high temperature
range and low frequencies is the frequency independent component,
while the less temperature sensitive part is the frequency dependent
part. Table I shows the activation energy obtained from the fitting.

10.12 Taking 0.72 as an average value of n obtained from the curves of
lO-' 100  101 102 101 G(w) vs. F at low temperatures in Fig.4, it can be seen from the

F(kHz) table that the relation Q2 =(I-n)QI is valid within experimental error
Fig.5 Imaginary part of the complex capacitance of a sol-gel PZT at the tested frequencies. Therefore, it is very likely that the a.c.
thin film vs. frequency at various temperatures. The slope at 500 'C conductance and the dispersion behavior described in the present
and 400°C at low frequency range are -1. paper are mainly governed by electrical charge hopping mechanism.
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10-3 141 S.M.Sze, Physics of Semiconductor Devices, New York:
John Wiley At Sons, 198 1, ChtS, pp.245-31 1.

[51 A.R.Von Hippel, Dielectrics and Waves , New York: John
10-4 Wiley & Sons Inc. 1954, Ch. I1, pp.228-23 4 .

[61 P.B.Macedo, C.T.Moynihan and R.Bose, " The role of
ionic diffusion in polarisation in vitreous ionic conductors",

a" 10"5 Phys. and Chem. of Glasses, vol.13, pp. 17 1- 179 , Dec.
1972.

S20kH-- [7] M.E.Lines, " Interfacial polarization effects in ionic
06 "conductors", Phys. Rev.B, vol. 19, pp. 1189 -1195, Jan.

1979.
10-7 218 X.Chen, A.I.Kingon, L. Mantese , O.Auciello and

z K.Y.Hsieh, "Characterization of conduction in PZT thiu
films for ferroelectric memory applications", in

10 -S "1 " Proceedings of the 4th International Symposium on
1 1.5 2 2.5 3 Integrated Ferroelectrics, Monterey, California, 1992.

1000Ji(K) [91 A.K.Jonscher, " Low frequency dispersion in carrier-
dominated dielectrics", Phil Mag. B, vol.38, pp.587-601,

Fig.6 AC conductance vs. 1000/T at three different frequencies. 1978.
The cycles, squares and triples are experimental data. The solid [10] A.K.Jonscher, " Universal Dielectric Response", Phys.
lines are fitting curves utilizing Eq.(7). The deviation of the l Thin Films, vol.1e1, pp.222-232, 1980.
experimental points from the fitting curve at low temperatures on Chelsea Dielectrics Press, 1983, Ch.4-Ch.8.
the 0.2 kHz curve is an artifact. [121 D.P.Almond, A.R.West and R.J.Grant, "Temperature

dependence of the a.c. conductivity of Na O-Alumina",

Table I The activation energy of the two components of a.c. Solid States Communication. vol.44, pp. 1277-1280, 1982.
conductance at three different frequencies obtained by fitting [131 S.R. Yang and K.N.R.Tay, "Ionic conductivity in single-
Gac"l/T in Fig.6 using Eq.(7). crystal proustite Ag 3AsS 3," J. Appl. Phys. , vol. 69 (1),

pp.420-428, Jan. 1991.

F (kHz) QI(ev) Q2 (ev)S..- -0.2.............1...... . 3.................0....... . 33..
0.2 1.3 0.33
2 1.3 0.34
20 1.2 0.36

Conclusions

1. At high frequencies, phase transformation peak of real dielectric
constant was observed. At low frequencies, real dielectric
constant monotonically increases with temperature. Space charge
blocking model and electric charge hopping model are
discussed. The latter is more likely the mechanism governing the
observed phenomena.

2. Similar to that in laser ablation PZT thin films, a strong low
frequency dispersion of real dielectric constant was observed at
high temperatures, which is closely relz:ed to a d.c. component
of a.c. conductivity.

3. The a.c. conductance at high temperatures are much more
sensitive to temperature than that at low temperatures. The
activation energy Q1 at high temperatures is about 1.3 ev. The
apparent activation energy Q2 at low temperatures is about 0.35
ev. QI and Q2 have the relation of QI=(1-n)Q 2 . Here n is the

exponent in the formula G(o)) - wn, which was found to
dominate at low temperatures. Electric charge hopping model
was employed to interpret these phenomena.
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A new and simple method is described for measuring pared on various substrates such as Al 2 0 3 ,SrTiO 3  and
the quadratic electro-optical (E-O) coeffecients of 91ass(3-5) by using various techniques. Most reports on
thin ferroelectric PLZT films. A magneto-optical modu- PLZT thin film concerned the preparation processes and
lator is positioned between a polarizer and analyzer in structure analysis, but few dealt with the measurement
the conventional measurement system for E-O coefficient, technique of electro-optic property[3,6]. This is due
The polarization state of light passing through the to the fact that the phase retardation caused by the
magneto-optical modulator will be modulated due to field-induced birefrigence of PLZT film is so small
Faraday effect. The proposed technique measures phase that it is quite difficult to measure it using conven-
retardation shift through determing the frequency tional ellipometric method. It is therefore important
change of the modulated light. The main error of the how to determine the small phase retardation precisely.
measuring system comes from reading goniometers with Adachi et al[3] proposed an ellipometric technique in
precision of 10-5 radiant. So measurable retardation of which the phase retardation shift was detemined through
optical path is the oiler of a few Angstroms. The a Wollaston prism to divide the linear polarizer light
expermental results are present with thin ferroelectric into two crossed polarized components. And Wang et al
PLZT films made by magnetron sputtering. The quadratic [6] developed a phase modulating technique by a photo-
E-O coefficient of PLZT films varies in the range of elastic modulator. We present a more simple and precise
0.1Xl0-16 to 1.oXlo-16(m/v) 2 depending on the sputter- technique to determine small phase retardatio shift of
ing conditions. PLZT ferroelectric thin film using a magneto-optic mo-

dulator based on Faraday effect.

Introduction

Measurement System
Though PLZT ferroelectric ceramics have been applied

to electro-optic devices for many years[l,21, increas- As known, the transmitted intensity I(c), where a is
ing interest are focused on the PLZT thin films due to the angle between a polarization direction of polarizer
its unique propetties: fast response speed, low drive and an analyzer, varies as cos 2c:
voltage and great potential for integrated optic de-
vices on Si or GaAs. One of the most favorable mater- I(a) IOcos2E,
ials is(28/0/100)PLZT which has been successfully pre-

M-0 A PMT
Modulh tor

/A
"•/4 .?late

(a)

(b)

Fig.l. Block diagram (a) and photo (b) of measuring electro-
optic coefficient of ferroelectric thin film
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where 10 is the maximum output light intensity at u=01. source and background intensity due to the optical
Now a magneto-optic (M-O) modulator is positioned be- system or the sample. The retardation shift as small
tween the polarizer and analyser. The M-O modulator is as IXl0-

5 
radiant can be detected. The error of the

made from a YAG crystal. When an alternating signal of measurement system comes from reading of goniorater.
frequency w is applied to M-O modulator, the polariza- We adopt a reading device with a precision of 0.001°.
tion direction of polarized light passing through the
M-0 modulator will deflect an angle 0=(coswt due to
Faraday effect(7), where O0 is maximum deflection at Electro-optic Coefficient of PLZT Film
•=0. We have

The PLZT(28/0/100) thin films were depo.ited in-situ
I(a-8)=I 0 cos2(0-c)). on glass substrate by RF magnetron sputtering from a

powder target [8]. The film was colourless and trans-
The modulating signal is small enough to satisfy the parent. Its transmittance was about 80% in visible re-
approximation: cos68l and sin0•8. This leads to gion. The thickness of film was about 4000A. The narrow
cos(aL-0)=cosL+6sina and gap(O.4mm) electrodes of gold-chromium were evaporated

on surface of the PLZT film. An electric field was
I(a-0)=I 0 [(cos 2O+l/266sin2a)+6 0 sin2acoswt applied perpendicularly to PLZT film. Figure 2 shows

- 8esin2
acos2wt] the measured results of the birefrigence shift as a

function of electric field applied to a PLZT(28/0/lO0)
The modulated light have a dc and two ac components film using the M-O modulating technique. The calculated
with the fundamental and the double-frequency. In the electro-optic coefficient R is in a range of 0.1Xl0- 1 6

case of ct=90 0
(i.e. the polarizer and analyzer is cross- to 1.OXlO-16(m/v)2 depending on the sputtering zondi-

ed), the fundamental frequency component is extinguised tions.
and the output intensity is only modulated by the dou-
ble-frequency of the modulation signal. Now if a sample
with very small phase retardation is positioned between Conclusions
the crossed polarizer and analyzer, a will be changed,
resulting in recurrence of the fundamental frequency A new and simple technique using a M-O modulator
component. This is a very sensitive system to determine based on Faraday effect is proposed for measuring the
the small phase retardation shift. electro-optic coefficient of ferroelectric PLZT thin

Our experimental set-up is shown in Figure 1. The films. The proposed technique measures phase retarda-
light source S is a 1mw He-Ne laser at the wavelength tion shift through determing the frequency change of
of 6328A. The transmission axes of two crossed polariz- the modulated light. It is a very sensitive and precise
ers (P and A respectively in Fig.l) are at 451 to the method for used evaluation in ferroelectric film
applied electric field to PLZT film. The analyzer A is electro-optic effect. There is no contribution from in-
mounted on goniometer with precision of 0.0010. The stability of light source, optical pathway and back-
modulating frequency of M-O modulator is taken to be ground intensity due to the optical system, surround-
IKHz and the signal received by a photomultiplier tube ing or sample. It enable hence the precise measurement
(PMT) transmits to a lock-in amplifier as well as an of very small shift of phase retardation. The main
oscillator which are used for monitoring the component error of the technique comes from reading deflection
of the recurring fundamental and the background double- angle. A reading device with precision of 10-5 radiant
frequency. The monitoring is essential for precise was adopted. We succeeded in measuring the electro-
determination of vanishing or appering of the fundamen- optic properties of other ferroelectric thin films.
tal frequency signal. Once the fundamental frequency
recurs, the analyzer is rotated by an angle 6 to
achieve null-extingnishing. The birefrigence shift Acknowledgement
A(An) is expressed as
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A(An)=A08/lTd, by National 863 highly technology committee. The
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where X0 is the wavelenth of the incident light and d Professor Y.X.Chen and Mr. Y.T.Zhang for helpful dis-
is the thickness of the film. In this measurement sys- cussions.
tem there is no contribution from instability of light

References

1. C.E.Land and P.D.Thacher, "Ferroelectric ceramic
6 electrooptic material devices," Proc. IEEE Vol.57,

pp.751, 1969.
5 2. G.H.Haertling and C.E.Land, "Hot-pressed (Pb,La)
5 (Zr,Ti) 03 ferroelectric ceramic for electrooptic

*applications," J.Am.Cer.Soc. Vol.54, pp.1, 1971.
3. H.Adachi, T.Kawaguchi, K.Setsune, K.Ohjiand K.Wasa,

"electro-optic effects of (Pb,La)(Zr,Ti)03 thin
_ 3films prepared by rf planar magnetron sputtering,"

Appl.Phys.Lett.Vol.42, pp.867, 1983.

2 4. K.D.Budd, British Cer.Soc. Proc. Vol.36, pp.107,
1985.

5. Y.H.Huang, W.G.Luo, A.L.Ding, M.Ge and X.T.Chen,
1 "Oriented growth PLT thin films on amorphous sub-

strate," Proc.SPIE-Int.Soc.Opt.Eng.Vol.1126,pp.36,
1989.

2 6. F.Wang, C.-B.Juang, C.Bustamante and A.Y.Wu,
E(kv/mm) "ElectrO-optic properties of (Pb,La)(Zr,Ti)0 3 ,

BaTiO , (Sr,Ba)Nb 2 0 6 and Ba 2 NaNb 5 Ol 5 thin films by
Fig.2. An vs E for PLZT(28/0/100) thin a confocal scanning differential polarization micro-

film on glass scope," Inter.SAMPE Electronic Conf. Series, Vol.4,

234



pp.712, 1990.
7. G.Liu and X.Liu, Acta Optica Sinica, vol.4, pp.

1984.
8. W.G.Luo, A.L.Ding, R.T.Zhang and M.Ge, "Deposition

and properties of PLT thin films by magnetron sput-

tering from powder target," Presented at THE IEEE

'92 ISAF, Greenville, SC.Aug.31-Sept.
2 , 1992.

235



TRANSVERSE ELECTROOPTIC PROPERTIES OF ANTIFERROELECTRIC
LEAD CONTAINING THIN FILMS

Feiling Wang, Kewen K. Li and Gene H. Haertling
Department of Ceramic Engineering

Clemson University
Clemson, South Carolina 29634-0907

The transverse electrooptic effect was observed in Experimental Method
solution coated lead zirconate thin films. The electric-
field-induced birefringent shift exhibited a characteristic Lead zirconate thin films were deposited onto
response which differed from the normal butterfly-like fused silica and Pt/Ti coated silicon substrates by a
loops for ferroelectric materials. The observed unique solution coating technique from an acetate precursor 4 ,5 .
response in lead zirconate thin films was related to their The antiferroelectric crystal structure of the resultant
antiferroelectric nature and the electric-field-induced thin films was confirmed by the appearance of the X-ray
antiferroelectric-ferroelectric phase transition. The diffraction peak at 200 = 16.9, characterizing the
possible applications of the materials for optical memory antiferroelectric double cell structure. For the measure-
are discussed. ment of the dielectric properties of the materials, copper

dots were evaporated onto the thin films deposited on the
Pt/Ti-coated silicon substrate. For the detection of the

Intodcion transverse electrooptic properties, copper intedigitated
electrodes with gap widths ranging from 5 to 40 pm were

Ferroelectric (FE) thin films, owing to their high deposited on top of the thin films grown on the fused
dielectric constant and two electrically switchable silica substrates.
remanent states, have attracted great interest for the
development of nonvolatile memory devices and other The electric-field-induced birefringent shift of the
applications1 .2 . A variety of ferroelectric materials are thin film was measured by means of a phase-detection
also known to possess transverse electrooptic properties, technique 6, using a He-Ne laser of wavelength of 632.8
i.e. the electric-field-controlled birefringence; however, nm as the light source. The phase modulation of the
ferroelectric switching (polarization reversal with an incident light was provided by means of a modulator.
electric field) has not proved equally useful in integrated The measurements were performed with a
optical and/or optoelectronic devices. To facilitate an transmission mode. In the phase detection scheme, the
optical memory function in optoelectronic devices, it is amplitude of the output signal (from a lock-in amplifier)
desirable for the waveguide materials to possess two at the modulating frequency was directly proportional to
electrically switchable birefringent states. However, the the phase retardation of the sample, provided that the
two remanent polarization states are not distinguishable total phase retardation of the sample was sufficiently
for the index ellipsoid in ferroelectric materials, small. A slow varying dc voltage was applied to the
Therefore, it is not feasible to realize optical memory in interdigitated electrodes during the measurement. An
ferroelectric materials by switching between the two optical compensator was used to calibrate the
remanent polarization states. measuring system.

Recently the transverse electrooptic effects in Results and Discussion
antiferroelectric (AFE) lead zirconate (PbZrO3 ) thin
films were observed 3 . The electric-field-induced A typical electrooptic response of the lead
birefringent shift in the lead zirconate thin films showed zirconate thin film is shown in Figure 1 where the
a characteristic response not exhibited in ferroelectric birefringent shift of the thin film is plotted as a function
materials. The unique electrooptic response in the of the slow varying dc electric field. The thickness of the
antiferroelectric thin films was found to stem from the film was 1 gim. Interdigital electrodes with a gap width
electric-field-induced antiferroelectric-ferroelectric of 10 pim was used in the measurement. As shown in
phase transition. Besides its importance as a the figure, the electrooptic response of the
fundamental material property, the transverse antiferroelectric thin film exhibits a number of features
electrooptic effect in the antiferroelectric thin films may different from that of ferroelectric materials. For the
also furnish a mechanism for optical memory in purpose of comparison, a typical birefringence verses E-
optoelectronic devices. In this report the latest field curve for a ferroelectric thin film, i.e. PLZT 7 of
measurements of the transverse electrooptic properties composition 2/55/45, is shown in Figure 2. The
in antiferroelectric lead zirconate thin films are birefringence verses E-field curve for the lead zirconate
presented. thin film is characterized by (1) enhanced hysteretic
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XI O3 To better understand the nature of the
1.5 antiferroelectric lead zirconate thin films, a static bias

electric field was applied to the thin film material in both
the dielectric and electrooptic measurements. Thin

1.0/ films deposited on the Ptfri coated silicon substrates
were used for the measurement of the dielectric
behavior. With the increase of the dc bias, the

\ fpolarization versus E field curve of the lead zirconate
0.5- thin film gradually evolves from a double hysteresis loop

,_. . ' to a single hysteresis loop. As shown in Figure 3, under
an appropriate bias field, the shape of the biased single

0 I hysteresis loop very much resembles the normal
-30 -20 -10 0 10 20 30 hysteresis loop for ferroelectric materials. Unlike the

E (kV/mm) ferroelectric materials, however, the two remanent
states in the biased single hysteresis loop (denoted by PAFigure 1 Measured birefringent shift as a function of and PB in Fig.3) possess polarizations of different

the external dc electric field for a lead zirconate thin and e, wich podue two dis g ed

film deposited on a fused silica substrate. magnitude, which produce two distinguished
birefringent states in the thin films. These two

X_10-3__ birefringent states are clearly represented in the biased
X- 8  zbirefringence verses E-field curve, as shown in Fig.4,

measured from a lead zirconate thin film grown on a
fused silica substrate. A static bias field of

6 approximately 17 kV/mm was applied during the
measurement. It is obvious that the two distinguished

c 4 remanent birefringent states AnA and AnB are
associated with the two remanent polarization states PA
and PB in the biased single hysteresis loop shown in

2- Figure 3. It should be noted, however, that to avoid the
breakdown of the electrodes through the air, the bias
electric field and the scan range are lower in the

0 _ 8 -6 measurement of the electrooptic properties than in the
-8 -6 -4 -2 0 2 4 6 a measurement of the dielectric property. In addition,

E (KV/mm) because these two measurements involve thin films

Figure 2 Measured birefringent shift as a function of deposited on two different types of substrates with

the external dc electric field for a ferroelectric PLZT different directions of applied electric field, quantitative
thin film deposited on a sapphire substrate. correlation between these two measurements is not

possible.

behavior in the region of field strength above 10 kV/mm,
(2) diminished hysterestic behavior in the region of field . - --

strength below 5 kV/mm and (3) rapid increase of the 60.4 -

slope when the increasing electric field exceeds 20
kV/mm. It was found that the characteristic response
of the lead zirconate thin 'ilms was attributed to the E PA
electric-field-induced AFE-FE structural transition 3 . 30.2 -

PB
With the help of a phenomenological model, the C-- - }

correlation between the field-induced birefringent shift bicas=29 kV/mm

of a material and electric polarization P(E) can be 0 C - - I

described by the following relation: I
-50 -25 0 25 50

An o• [E + PP(E)] 2, (1) E (KV/mm)

where P is a constant dependent on the crystal structure Figure 3 Dielectric properties of a lead zirconate thin

of the material (4n/3 for cubic structure). The main film grown on a Pt/Ti-coated silicon substrate, taken
under a static bias field of 29 kV/mm. The insert is a

features for the electrooptic response of the lead hysteresis loop of the same sample taken with zero bias
zirconate thin films shown in Figure 1 are consistent field. The horizontal and vertical scales for the insert
with those predicted from the dielectric properties plot are 25 kV/mm per division and 30.2 pC/cm 2 per

(double hysteresis loop) by using relation (1). division, respectively.
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X IT-3 birefringence point in plotting both Figure 1 and Figure

bias= 170 V 4. After testing a few lead zirconate thin film samples,

1.5 it was found that this initiating process of the material
was reiproducible.

1.0- The observed permanent birefringence in the

AflA antiferroelectric thin films mentioned above may be
related to other types of memory behavior previously

0.5 observed in antiferroelectric lead zirconate materials 8 .
A possible explanation for this birefringence memory is

AfiB that when the AFE-FE phase transition occurred under
0 a sufficiently high electric field the ferroelectric domains

_____ __ are forced to align along the direction of the E-field;
-20 -10 0 10 20 although the structure of antiparallel dipoles was

E (k/mm) restored after the withdrawal of the external E-field, the
antiferroelectric dipoles remained preferentially aligned

Figure 4 Birefringent shift as a function of the slow in the direction along which the E-field was previously
varying external field measured with a dc bias field of applied. Such an explanation for the birefringence
17 kV/mm for a lead zirconate thin film on a fused memory is supported by an optical study of the lead
silica substrate. zirconate crystal which showed that the index of

refraction is the smallest for the light polarized alcng

It was found that the lead zirconate thin films the a axis of the antiferroelectric unit cell 9 . This

acquired a permanent birefringence once an initial mechanism of birefringence memory is distinguished

electric field of sufficient magnitude was applied, from that of ferroelectric materials where birefringence

Shown in Figure 5 is the birefringent shift of a lead memory is mainly caused by the remanent polarization.

zirconate thin film as a function of the slow varying
external electric field recorded during the first few The characteristic electrooptic response of the lead
cycles of the field scan. In the first half cycle of the field zirconate thin films may furnish a means of realizing
scan, the birefringence of the material drastically optical memory in optoelectronic devices. Two different
increased when the increasing electric field exceeded mechanisms may be utilized in optical memory devices.
approximately 16 kV/mm. When the external electric In the first type of memory, the information may be
field was reduced to zero, the material retained a stored in a virgin material by applying a sufficiently
significant remanent birefringent shift. During the next high electric field. After the withdrawal of the electric
few scan cycles, this remanent birefringence kept field, as shown in Figure 5, the thin film material
increasing yet the increment was smaller and smaller becomes permanently oriented and possesses a
after each cycle. A stable remanent birefringence permanent birefringence of approximately 1.3 10-3. The
(permanent birefringence) was finally reached as shown second type of memory is associated with the two
previously in the birefringence versus E-field curve of distinguished birefringent states of the thin film
Figure 1. The stable remanent birefringent state, under materials in the presence of a bias electric field as
zero external electric field, was chosen as the zero- shown in Figure 4. Because these two birefringent

states, AnA and AnB, are produced by the two remanent
states of polarization, PA and PB, of the material, they

xIO- 3  are stable under the bias field. The merit of the second
type of memory is that the two birefringent states are

2.0- electrically switchable. For example, a TIR switch10

/ made of the antiferroelectric thin film would allow the
.: • /• /inter-switching of the light between the two waveguide

"channels by electric pulses of opposite polarities,
operated under a static bias field. Such a switch is not

1.0- ;possible with ferroelectric materials in which the two
0.5. .. remanent polarization states are optically equivalent.

0.5 - Conclusions.

0 The transverse electrooptic property of the solution
-20 -10 0 10 20 coated lead zirconate thin film exhibits a characteristic

[(kV/mm) response which is attributed to the electric-field-induced

Figure 5 The evolution of the electrooptic response of a antiferroelectric-ferroelectric phase transition. Under
lead zirconate thin film on a fused silica substrate an appropriate static bias electric field, the material
during the first few cycles of the electric field scan. possess two distinguishable birefringent states
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Fatigue Effect on the I-V Characteristics of Sol-Gel Derived PZT Thin Films°
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Abstract capacitor is defined as a non-switching current as shown in Fig. I
(b).

A static I-V measurement method for ferroelectric thin films Fig. 2 shows the experimental full-switching and non-switching
was developed to distinguish the leakage current from the switching currents. These switching currents were measured by applying a ± 6
current. The initial polarization state and the exponential decay V bipolar or a 0 to 6 V unipolar, 50 Hz, square wave to the
behavior of the switching current were considered in this method. modified Sawyer-Tower circuit with a 100 Ql resistor. If a positive
The fatigue effects on sol-gel derived PZT thin films were analyzed step voltage is applied to a ferroelectric capacitor with an initial
using this I-V measurement method. Changes in polarization due to polarization state of the negative remanent polarization (-Pr) and
the bipolar stress were correlated with the changes in the switching switches the capacitor to the positive maximum polarization
current and the leakage current. No degradation was found due to (+Pmax), the full-switching current consists of an initial spike due
unipolar cycling, to charging the linear dielectric and a following humped curve due to

switching the non-linear dielectric [41.
I. INTRODUCTION

Polarization Non-switching

Ferroelectric materials have properties useful for non-volatile 1 current

memories and dynamic random access memories (DRAMs). Non- Ferroetecthc +P ma
caacto ma

volatile memories use the hysteresis behavior of the polarization capacOutpu

versus the electric field. The one-transistor/one-capacitor DRAM genuerator al -E
cell can be implemented by replacing the conventional silicon Small Eltic field
dioxide with a ferroelectric thin film having a high dielectric constant sistorFulswthg ) Full-wthn

[1]. In these applications, the quality of films is generally -P current
characterized by the charge storage capability. Even though the static max
current, such as the leakage current, is closely related to the charge (a) (b)

storage capability, not many studies have been performed on the Fig. I Switching current measurement method
(a) A modified Sawyer-Tower circuit

static current. In this paper, a static current-voltage measurement (b) A hysteresis curve and the definition of a full-switching and a
method is developed to distinguish the leakage current from the non-switching current
switching current. Fatigue effects on the lead zirconate-titanate
(PZT) thin films are examined in terms of the variation in the static 1x10"3 "

currents. Based on these results, the degradation mechanism due to • 8xi04-
the fatigue is discussed. * 6x10 4 -

.~4x10_
4

II. EXPERIMENTAL PROCEDURES • 2xl04

U 0
A. Review on the Switching Current 0 10 20 30 0 10 20 30

Time (psec) Time (psec)

The switching current of a ferroelectric capacitor is generally (a) (b)
Fig. 2 Switching current of a PZT capacitor

measured by means of a modified Sawyer-Tower circuit using a (a) Full-switching current from -Pmax to PmaX

small (typically 10 - 10,000 Ql) resistor in place of a linear capacitor (b) Non-switching current from +Pr to Pmax

as shown in Fig. 1 (a) [2, 31. Because of the hysteresis behavior, the
transient responses to the same input signal are different for the In this experiment, because the bipolar square wave switches the
different initial polarization states. For the positive step voltage, the capacitor immediately from -Pmax (negative maximum
response of the initially negatively poled capacitor is defined as a polarization) to +Pmax, instead of from -Pr to +Pmax, the full-
full-switching current, while that of the initially positively poled switching curve obtained here shows a larger initial spike than that

seen in the traditional measurement [4). The comparison of the
• This work was supported in part by the U. S. Navy through contract experimental full-switching and non-swizhing current shows that

number N00014-90-C and in part by the Air Force Office of Scientific switching with the complete polarization reversal takes longer time
Research. than that with the partial polarization reversal. Both switching

(7•113008-0-7803-0465-9/92$3.(X) ©IFEE 240



currents decay exponentially at the end of the switching process. Fig. 4 shows the static current density vs. voltage curves for
Therefore, the initial polarization state and the exponential decay different delay times. In these I-V curves, the full-switching static
behavior of the switching current should be considered in the static current is larger than the non-switching static current by an order of
current measurement. magnitude for the same delay time. Smaller current density is

measured with a longer delay time for both the full-switching and
B. Static I-V Measurement Method Set-Up non-switching static currents. Because of the large switching current

at the positive coercive electric field (+Ec), the full-switching static
AS taticnducurParamenter measu ere methopd u ssiong a n FA current has a peak at - 20 kV/cm. These results indicate that

Semiconductor Parameter Analyzer was developed as shown in Fig. complete elimination of the switching current is difficult. However,

3e tnon-switching static current with a long delay time is considered a

Poling duraion Measurement timen (+ 6 V) good method for the leakage current measurement. In the
(10 see) (lon-g1 Tratoexperiment described below, a 2 sec delay time is used to reduce the

total measurement time.

10-5

Delay time Step voltageI(0 - 6see) (0.I1V) E 10-

IPoling voltage (30.se). Hold time 10-7O
(6 V)(2s)

(a) 10-8
Poling voltage Measurement time 13 0 sec: 4 see

(+ 6 V) (long integration) (+ 6 V) . 10'9
'-Wait-time -- 2 sec 6 sec

(30 sec) ___o_________o_________

0 20 40 60 80 100 120
"Electric field (kV/cm), + (a)

((0 -L6mso ) Step voltage 10.5

Poling duration t Hold time 10-6(10 sec) (2 sec)

(b) 10.1

Fig. 3 Static current measurement method
(a) Full-switching static current measurement
(b) Non-switching static current measurement 08E 0se4sc

S0-
Initializing the polarization state of a ferroelectric capacitor precedes 2 sc - 6 sec

the measurement of the static current. As shown in Fig. 3 (a), the 10-10

full-switching static current is measured after setting the ferroelectric 0 20 40 60 80 100 120
Electric field (kV/cm)

capacitor in a state of the negative remanent polarization (-Pr). On (b)
the contrary, the capacitor remains in a state of positive remanent Fig. 4 Static current as a function of electric field for different delay times
polarization (+Pr) prior to a non-switching static current (a) Full-switching static current (b) Non-switching static current

measurement as shown in Fig. 3 (b). The magnitude and the C. Application ofStatic I-V Measurement to Fatigue Effec
duration of the poling voltage determine the number of domains
with a preferred orientation. However, some of the domains relax or The fatigue effects on the PZT thin films were examined with
lock into favorable energy configurations [41 and lose their initial the static current measurement method established previously. PZT
orientations during the wait time, defined from the end of the poling thin film capacitors with a zirconium to titanium ratio of 53/47 were
voltage to the beginning of the current measurement. To stabilize the fabricated using a sol-gel process 151. On an oxidized 2" silicon
initial polarization state, relatively long poling duration (10 sec) and wafer, platinum was sputtered for the bottom electrode and multiple
wait time (30 sec) were used. After initializing the polarization state layers of sol-gel PZT were spin-coated to a thickness of
and an additional 2 sec hold time, the static current is measured by approximately 5400 A. The films were annealed at 700 'C for 30
applying a DC bias from 0 V to 6 V, increasing in 0.1 V steps. A min. in oxygen. Subsequently, the platinum top electrodes with an
delay time is inserted between the application of the forcing voltage area of 2.4x 104 cm 2 were formed by a lift-off process. Finally, the
and the current measurement to consider the exponential decay of films were heat-treated at 700 *C for 5 min. for better ohmic
the switching current. The current is measured in a long integration contact.
mode rather than a short integration mode. In the long integration The continuous hysteresis curve and the pulse polarization [6]
mode, the current is the average value of 256 measurements for 267 were measured using the virtual ground mode of a RT66A
msec. The short integration mode, which measures current directly standardized ferroelectric tester 171. For the continuous hysteresis
without integration, usually results in an unstable I-V curve, curve, a one-period triangle wave with a period of 200 msec was
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applied as an input signal to the virtual ground circuit. In the pulse Bipolar cycling decreases the switching polarization (PI) rapidly
polarization method shown in Fig. 5, the first pulse sets the after 108 cycles and changes the shape of the hysteresis curve. In
ferroelectric capacitor in a state of having the negative remanent contrast to the bipolar stress, no significant degradation in the
polarization. During the rise and fall times of the four consecutive polarization is observed for the unipolar stress-
pulses, eight different polarizations are measured as noted in Fig. 5. The changes in the static currents after the bipolar stress (± 8 V,

Because the switching polarization (P*) and the non-switching 100 kHz) up to 8.4x10 9 cycles are shown in Fig. 8. In the full-

polarization (V') are important in the memory operation, the fatigue switching static current in Fig. 8 (a), the initial bipolar cycling

effects were analyzed in terms of these polarizations. The electrical increases the peak current and decreases the current at 6 V (- 110

cycling for fatigue was performed at frequencies from 10 kHz to 1 kV/cm). The increase in the switching polarization in Fig. 7 and the

MHz using a ± 6 V or a + 8 V square wave. Besides the bipolar peak current in Fig. 8 (a) after the initial bipolar cyclings indicate that

stress, unipolar cycling was examined at frequencies up to I MHz the domain reorganization activates some domains, otherwise

using a 0 to 8 V square wave. The tatigue testing was periodically unswitchable, to increase the number of domains in the switching

interrupted to measure the polarization. The full-switching and non- process. Simultaneously, more domains switch at the lower

switching static currents before and after the stress were compared. electrical field with the faster switching time. Therefore, the
switching current increases at the low electrical field and decreases at

*. the high field. The further cycling reduces the number of the
2 msec switching dipoles and decreases the switching current at low

P~r PFr , I voltage. However, the increase of the current at high voltage shows

- VP r -"PAr that the film is degraded by the bipolar stress. The non-switching
100 msec static current after 8.4x l09 cycles in Fig. 8 (b) clearly shows the

- P * - PA increase of the leakage current.

Fig. 5 The pulse polarization method and its parameters [71

11I. RESULTS AND DISCUSSION 1peak

Fig. 6 and Fig. 7 show the changes in the hysteresis curves and o 107
the pulse polarizations due to bipolar (+ 8 V) and unipolar (0 to 8
V) electrical cycling at 100 kHz. 8 In "I

40 o -a-- 14.4x106 cycles

- Initial - Initial U
- 6.4x 109  - 6.4xl0 8.4xt10 9 

cycles

E 20 cycles Cycles o
0 20 40 60 go 100 120

.Z Electric field (kV/cm)
0(a)

• 10-6

-20 6 -4- Initial - 8.4xl09cycles

-40 I I ! I • 10- - 14.4xlO6cycles
-150 -100 -50 0 50 100 150 -150-100 -50 0 50 100 150

Electric field (kV/cm) Electric field (kV/cm)
(a) (b)

Fig. 6 Changes in the hysteresis curves due to (a) bipolar and (b) unipolar -8 @6V
stress

10-9 _
0 20 40 60 80 100 120

E 30- Electric field (kV/cm)
(b)

'• Fig. 8 I-V curves after the + 8 V, 100 kHz bipolar stressg201
(a) Full-switching static currents (b) Non-switching static currents

. l -- ,- P*:Bipolar . PA:Bipolar For the various bipolar cycling conditions, fatigue effects on the
static currents are examined by correlating the changes in the

-0 - P:Unipolar - P.:Unipolar switching polarization with the changes in the key parameters of the

0 102 104 106 108 10to static currents such as the peak current density in the full-switching

Number of Cycles static current (Jlak) and the non-switching static current density at

Fig. 7 Changes in the switching (P*) and non-switching (pA) polarization the maximum electric field (J@6v). Fig. 9 (a) shows that the
due to bipolar and unipolar stress decrease in the switching polarization is strongly correlated with the

decrease of the peak current in the full-switching static current. As
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shown in Fig. 9 (b), a larger decrease in the switching polarization These results can be explained by the space-charge build-up or
generally accompanies the larger leakage current. the oxygen-deficient dendrite growth [8]. The bipolar cycling will

Unipolar stress, as might be expected from Fig. 7, changes the increase the space-charge layers adjacent to the electrodes or
static currents in the same way as the initial bipolar stress. In Fig. disseminate the dendrite away from the electrodes. These processes
10, the changes in the non-switching static current density at the will reduce the number of switching dipoles and cause micro-shorts
maximum electric field ( J@6v ) due to the 100 kHz unipolar ( 0 to through the narrowing switching layer.
8 V ) and the bipolar ( ± 8 V ) stresses are shown as a function of
the number of cycles. The unipolar stress only decreases the leakage IV. SUMMARY AND CONCLUSION
current up to 6x10 9 cycles, while the bipolar stress increases the
leakage current after 108 cycles. A static I-V measurement method for ferroelectric thin films

exponential decay behavior of the switching current. Depending on
0 0 the polarity of the initializing voltage, the static currents are divided

50- into a full-switching and a non-switching static current. A delay time
o 0 is inserted between the application of the forcing voltage and current

E 0- measurement to reduce the switching current component. Complete

SlOkHz 6V elimination of the switching current was difficult. However, non-
50- . i00kHz, 6V switching static current with a long delay time was found to be a

4VIMHz. 6V good method for the leakage current measurement. The fatigue
o 20kHz, 8V U a effects on sol-gel derived PZT thin films were analyzed using this I-
"0 100kHz. 8V V measurement method. In the bipolar stress, the polarization
A IMHz. 8V reduction was correlated with the decrease in the switching current

-150 , , , 1 and the increase in the leakage current. Neither the significant
0 -5 -10 * 15 -20 -25 decrease in the polarization nor the increase in the leakage current

& P(pC/cm2 ) was observed in the unipolar stress. The fatigue effects are explained
(a) by the increase in the space-charge regions near the electrodes or the

oxygen-deficient dendrite growth.
* l0kHz,6V

30- • 100kHz, 6V

A IMHz, 6V 4D V. REFERENCES
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[EFECr STRUCTURES AND FATIGUE IN FERROELECTRIC PZT THIN FILMS

Zheng Wu and Michael Sayer
Department of Physics, Queens University

Kingston, Ontario, Canada K7L 3N6

Experimental

A thermally stimulated current (TSC) technique has been

used to characterize natural and electric field induced Ferroelectric PZT thin films were fabricated by sol gel
defect distributions in PZT films. The principal defects methods on Pt/Ti coated silicon and on conducting indium
give rise to TSC peaks near 400K and 50OK, with defect tin oxide (ITO) coated 7059 glass substrates. Both the
concentrations z10W cm ', and an activation energy of = acetic acid based (31 and 2-methoxyethanol based [41 sol
0.8 eV. Changes in the defect structures as a function gel routes were used. Rhombohedral PZT with compositions
of number of switching cycles and processing conditions having a Zr/Ti ratio of 54/46 and 90/10 were employed.
are described, and their relationship to the phenomena In order to dope films with either donor or acceptors
of fatigue are discussed. It is suggested that the impurities, 1 mol% of Ta ethoxide or Mg acetate were
defects measured by TSC arise from extended defects added to the stock solutions respectively. Multilayer-
rather than from point defects. Domain splitting and coated films of thickness ranging from 2000 to 4500 A on
pinning as a result of such defects generated during both Pt and ITO were initially fired '. 400'C for 5 min.
polarization reversals may account for fatigue in PZT Rapid thermal annealing (RTA) at 650-C for 30 s was used
film-. to anneal films on Pt, while conventional furnace

annealing was used to anneal films on ITO at 650°C for
2hrs. For some samples, a subsequent oxidation or

Introduction reduction process was carried out in which the samples
were annealed for various times at 400'C either in

There have been intensive studies on ferroelectric flowing oxygen, or in a flowizig hydrogen/nitrogen
thin films due to their promising applications in (10/90) mixture. Gold or silver top electrodes were
nonvolatile memories, high density DRAMs, deposited by vacuum evaporation to form a capacitor
microactuators, and nonlinear optical devices. Memory §tructure. The electrodes had a thickness of about 500
devices made from ferroelectric films have high access A and were transparent to 365 nm wavelength ultraviolet
speed, low operating voltage, and radiation hardness. (UV) light.
However, large scale applications of ferroelectric
memories are limited currently by reliability problems Ferroelectric hysteresis loops were measured using
concerned with fatigue, aging and retention. A number of a Sawyer-Tower (ST) circuit without compensation for
experimental and theoretical studies have been dedicated dielectric loss. The samples were fatigued at a
to fatigue and aging, but the data is still insufficient frequency of 100 Hz to 100 kHz by subjecting the PZT
to give a complete understanding of the problem. thin film capacitors to a sinusoidal voltage of Vp= , 10
Theoretical models proposed to account for the fatigue volts using the same ST circuit. The I-V characteristics
mechanisms have been based on the effects of mobile of the films were measured with a K.!ithley Model 236
charged point defects [1) and on domain pinning [2). It source-measure unit (SMU). This was of importance to
is still controversial as to which mechanism is dominant examine the nature of the contacts made tj the PZT
in thin films in comparison to that in bulk materials films.
and each model is only successful in explaining some
aspects of fatigue and aging. TSC was measured using a two probe method. The

experimental arrangement is shown in Fig.1. It consists
For the sake of clarity, the distinction between of an air-tight chamber with a sample holding stage

fatigue and aging must be made. Fatigue is the facing a quartz window, a liquid nitrogen container, a
degradation of ferroelectric properties observed under heater mounted inside the stage, an Omega temperature
repeated polarization reversal when a material is controller connected to a thermocouple positioned very
subjected to a large switching field. It is a non- close to the sample, a photoexciting light source (a
equilibrium process in a system excited by external IOOW Blak-ray UV lamp having a characteristic emission
stresses. Aging is the time-dependent static degradation line of 365nm), and the Keithley SMU unit. The data
of ferroelectric properties under no applied field. It acquisition was automated by a PC computer. The
is a relaxation process in which a closed system relaxes operating temperatures ranged from 130K to 650K. The
from a nonequilibrium state. Fatigue is the main concern heating rate of the sample cell provided a uniform rate
of this paper. It occurs as a result of interactions of of temperature change from 0.1 to 0.5K/s. The photon
a ferroelectric system with lattice defects during energy of 3.4eV from the UV source was large enough to
polarization reversals. To understand the fatigue excite PZT in the fundamental absorption band. PZT has
mechanism, it is therefore necessary to study the static a bandgap of about 3.35eV. The samples were photoexcited
and dynamic properties of the defect stuctures of the at low temperature for about ten minutes. No dc bias was
ferreoelectric lattice and to correlate these with applied during UV irradiation, while the dc bias during
electrical measurements. heating was constant from 0.0005 to O.1V.

In general, lattice defects can be categorised as
point defects such as impurities, vacancies and
interstitials, or extended defects such as dislocations,
planar defects, and grain boundaries. To gain Thermocouple Sample and -olbde, UV Light Source

understanding of how the behavior of defects during ......
polarization reversals relates to the understanding of
fatigue mechanisms, we have used a thermally stimulated -
current (TSC) technique to characterize natural and Heater
electric field induced defect distributions in
ferroelectric films. The TSC experiments consist of -

photoexciting thin film samples by UV light at low
temperature. Excited carriers are trapped at centers
associated with lattice defects. The samples are then
heated in the dark at a constant rate. The current which Temperature Hoe S.... Mee....e
results when the carriers are released from traps by [ ontr'e P0Wn
thermal excitation is measured as a function of
temperature. For each discrete energy level, a maximum
is displayed in the current-temperature thermogram at a
temperature related to the depth of the level. The area
of the peak is proportional to the concentration of PC Computer

traps. A model for ferroelectric fatigue based on
domain splitting and pinning will be discussed based on
the results obtained from TSC measurements.

Figure 1. System for thermally stimulated

current measurements
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The TSC current-terperature theruograas were -r-- - -- -- P- - - -----

reconstructed from the difference between the current l PL <
obtained after UV irradiation and the current obtained P o
in a second run at the same dc bias and heating rate but i. u 0o.og• 0o 005oo

with no optical excitation. Care was taken that the 0 hi, ckne•s: 0 4,1n,

inherent pyroelectric effect in ferroelectrics which can 08 0 o,°a/-
generate a large depolarization current during heating 0 C

did not mask the desired TSC current. All samples were - Lc 4 .....
depolarized before each measurement. I | /0 .4 0 ,° 4 .c / :

Electrode Contacts 5 / Q-.

TSC measurements are sensitive to the nature of 0.
the electrode contacts. Ideally, a four probe method 00
could separate the bulk properties from contact effects.
However the sample geometry made this difficult to 3.0 360 380 400 .1 ) -10
achieve. Fortunately, the I-V characteristics for
voltages less than IV measured using a two probe Teinperat ur. 1 K)
technique were linear for top gold films on Pt and ITO.
This is shown in Fig.2. For applied voltages above lV,
some films showed evidence for space charge limited Figure 4. Thermograms for various heating rates
conduction. The results were virtually the same in films
in which Ag was used as the top electrode, despite the
difference in the work function of gold (5.28eV) and energies were determined by a heating rate method for
silver (4.29eV). The TSC results obtained with a dc bias peak I, and by an initial rise method for peak II. The
of 0.0002 to 0.1V are therefore considered to represent results gave a value of E,=0.8OeV for peak I and
a volume rather than a contact effect. E,=O.76eV for peak II respectively. Although the

activation energy of both traps is nearly the same,
-7 their capture cross sections are very diflerent. They

ns are 1.0x10
2

' cm' for peak I and 1.Ox10'3 cm
2 

for peak II
SPZT hmi Fills respecti.ely, indicating that they indeed correspond to

10 on rro =3two different traps.

S _9'a P t The concentration N of trapping centers was

Vn determined from the area o# the TSC peak assuming that

-o n=" the mobility p and ýhe lifetime r of nonequilibrium
I electronic carriers were known,

~~~A &I ,•d
I n1i.- :- e - ______vu__

19eU e P r pV U- -12-

-13 where 0 is the total charge of ncnequilibrium carriers,

0.1 110 e the electronic charge, U the sample volume under test,
A, the area under a TSC peak, 0 the linear heating rate,

Voltage (V) d the film thickness, and V the applied voltage. The
Mobility and lifetime of carriers in PZT was estimated
from values published for BaTiO, and SrTiO3 . These are

Figure 2. I-V characteristics for AuIPZTIITO and also peroyskite compounds, and the carrier parameters
Au/PZT/Pt devices. should be comparable to those of PZT within an order of

magnitude. With ,i=0.1 cm
2

/,. [5] and rl1.4x1O [s 1,
the concentration of traps is in the order of 10 cm

TSC Measurements which is a large value compared to the atomic density in
PZT. The nature of the trapping centers, and whether

Fig.3 shows a typical TSC cu;,ent-temperature they involve electron or hole trapping were not
thermogram for a PZT film following UV-irradiation at obtainable from these experiments.
130K for 10 min. Two current peaks appear at
temperatures of about 400K for peak I and 500K for peak
II respectively indicating the existence of trapping Fatigue in PZT Films
centers of two different kinds.

Fatigue in PZT films can be represented by curves
Fig.4 shows a series of thermograms of peak I of polarization P, and coercive voltage Vc versus the

obtained with various heating rates. As the heating rate number of polarization reversal cycles N. The fatigue
is increased, both the temperature T, of the peak maxima behavior can be approximately divided into two stages,
and the peak heights and areas increase. Such TSC an initial state in which the polarisation is constant
thermograms were repeatable under the same measurement and a second stage during which the polarisation
conditions. The trapping parameters of the defects - the degrades. This is shown in Fig.5(a) for a film annealed
activation energies E, and capture cross sections were in 02 for 2h.
estimated from the shape of the TSC peaks. Activation

1.2 -20 (a)

LPZT Thin Film on Pt Pe-., If r_ _

Bia ýoftage: 0.0005 V I 16 (b)
o. Film thicknesi: 0.41im 3

12

0.4 -
40 oil Pt

0.2
YZT Thin Film.; '. on ITO z

I 0
, I 0 1 2 3 4 5 6 7 8 9 10 11

320 360 400 440 480 520 560
Log(Cycles #)

Temperature (K)

Figure 5. (a) Fatigue of stoichimetric PZT;
Figure 3. Thermograms after 365 nm UV excitation at (b) Fatigue of Ta doped PZT;

130K for lOm. Heating rate 0.4 K/s. (c) Fatigue of Mg doped PZT.
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In the first stage, both the remanent and the
spontaneous polarization remain unchanged up to 10' to
10' cycles. In the second stage, the polarization 0 i
decreases almost linearly on a logarithmic plot vs E 2 PZT Filns or Pt
number of cycles. The degraded polarizations fall to 50 Film thickness: 04Mm
to 80- of the initial values after 10'0 cycles. The o - Bias 'ootage: O.cO05 V
detailed behaviour varies from sample to sample. On the 5
other hand, the coercive voltage or field increases - (a) "-
steadily with reversal cycles, becoming double or even • ]
triple the Initial value. As a result, the degraded P-E -4 1 0 -
hysteresis loop, after fatigue look poorer in the degree 1 (b)
of squareness analogous to the hardening effect of -
mechanical fatigue in metals subjected to cyclic stress. • 05
One of tha most interesting features of ferroelectric
fatigue is that the degradation of polarization depends •
only on the number of reversal cycles, and is '-.

independent of the cycling frequency from 10OHz to E - 0
1OOkHz and thus the total cycling time. This differs 0 2 4 6 6 10
markedly from ferroelectric aging effects which are
time-dependent. Log(cycle •)

The ferroelectric properties of bulk PZT can be
modified by the introduction of dopants. Dopants can be
either of the donor or acceptor type. According to the Figure 7. Trap concentratiin versas number of cycles for
defect chemistry of titanate perovskites, introduction a stoichiometric film (a), and for a reduced film b).
of charged impurities can change the content of oxygeL
and lead vacancies. This can lead to modification of the deterioration in the ferroelectric properties. The
dc conductivity by several orders of magnitude. It was concentration of traps is = 102Icm , which is a
therefore of interest to know if dopants had any effect appreciable fraction of the available lattice sites. TSC
on the rate of fatigue in PZT films. No significant measurements in which UV irradiations were performed at
difference was found in the fatigue rates for PZT films 10K sh-wed that upon fatigue cycling only the areas of
doped respectively with 1 mol % of tantalum (Fig.5(b)) eak II increased, while those of peak I remained
or magnesium (Fig.5(c)), although the initial virtually constant.
ferroelecttic properties of the doped films were
different.

Effects of Processing Conditions

TSC in Fatigued Films As-fired PZT films processed at 400°C have an
amorphous structure and are not ferroelectric. The

TSC measurements were carried out on fatigued PZT amorphous films contain distorted perovskite structures
films as a function of number of cycles. Each TSC and lack long range order. A comparison of TSC in
thermogram was taken after a film was subjected to a amorphous films to that in well crystallized films may
certain number of polarization reversals. It was provide evidence which might identify the nature of
confirmed experimentally that repeated TSC runs did not defects which give rise to TSC peaks that vary with
cause any degradation in the PZT films, since the fatigue. No TSC peaks are found in the thermograms for
highest temperature for the TSC measurements did not amorphous PZT. This indicates that peaks I and II in
exceed 330°C. The electrochemical properties of well-crystallized films (Fig.3) are associated either
perovskite oxides do not vary significantly over short with the crystallographic structure of the perovskite,
periods in this range of temperature. Therefore, any or with defects created during the 650°C annealing
variation in TSC peaks were considered to be an effect process.
of fatigue and due to the changes in local order induced
by the polarization reversals. Fig.6 shows a series of It is well known that the dc conductivity of
TSC thermograms as a function of switching cycles titanate perovskites are controlled by intrinsic point
following UV-irradiation of an oxidized PZT film at 300K defects such as oxygen and lead vacancies [71. In PZT,
for 10 m. the volatility of PbO at high processing temperature

causes a deficiency of lead and oxygen ions and a large
The room temperature UV irradiation caused peak I number of lead and oxygen vacancies. It has been

and peak II in Fig.3 to merge into one peak at 460K. postulated that fatigue in PZT mcy be caused by mobile
This may be due to a dependence of the capture cross oxygen vacancies I1l. To investigate if ary relationship
sections of the trapping centers on temperature. It is exists between the trapping centers observed from TSC
obvious that the areas under the TSC peaks which are peaks and such intrinsic point defects, we have carried
proportional to the defect concentration increase with out TSC measurements on reduced PZT films. To minimise
the number of polarisation cycles, indicating that more the loss of lead, films were reduced at 400"C for 1 min
defects of the same type as those already existing in in flowing hydrogen/nitrogen (10/90). The X-ray
as-deposited films were generated during polarization diffraction patterns of reduced samples showed no
reversals, significant changes in crystallo-graphic structure. The

dielectric constant decreased by a few percent uponi
Estimates of the concentrations of traps at reduction, while the ,,verall ferroelectric properties

different fatigue states is shown in Fig.7(a) . The deteriorate. It is believed that the loss of oxygen
concentration of trapping centers increases by a factor during reduction leads to a distorted oxygen octahedral
of two after 1C'0 switching cycles. This moderate change structure surrounding a -itanium ion which inhibits the
in defect concentration is correlated with a significant motion of the Ti ion which contributes to ferroelectric

polarization. TSC measurements for reduced PZT films
. -- show only a single peak corresponding to peak II inS�� PZT Thiri Film on PL p • stoichiometric films. Peak I completely disappears after

Filn thickness: 
0

.4dm • reduction. The area under the single peak in rto uced
4. L i tage.0o0ooV samples is approximately 60 times less than that o. peak

o HeatingIrate:0.3 /s ii in oxidized samples. The absence of any correlation
Sas-deposited of the defect concentration with reduction tends to

3.o 10 o excludeiany connection between the trapping centers and
3.k ,intrinsic point defec-s such as oxygen vacancies. A

.0 1r 0. CVC.. sinusoidal voltage of the same amplitude as before was
applied to a reduced PZT film to induce fatigue. TheS ,o 0 C. number of polarization reversals was small because of

0 0 10 the poor ferroelectric properties in the reduced film.
TSC measurements of the same sample at different stages

0.0 oof fatigue cycling showed that the concentration of
trapping centers only increased slightly as shown in

30 34 00 40 Fig.7(b), compared to the doubling in stoichiometric

Temperature (K) films subjected to similar fatigue cycling. This is
consistent with the fact that fatigue in ferroelectrics

FiguL 6. Thermograms as a function of number of depends only on polarization reversal. In other words,
switching cycles, without polarization reversals no ferroelectric fatigue
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occurs. This behavior is distinguished clearly from than the usual sizes of ferroelectric domains a&
other time-dependent effects. On the other hand, a film revealed under TEM and the fault planes are about 100 A
re-oxidized from a reduced state by heating in oxygen at apart [8)[9 . If we assume that the width of a plane
4000C exhibited a recovery of both the ferroelectric fault is 8 A (the length of two lattice constants) and
properties and the TSC characteristics implying that the in such a fault plane each perovskite unit cell
oxygen octahedra are restored by absorbing oxygen ions contributes one electronic state which acts as an
from the ambient. By comparison, films fatigued by trapping center, the concentrat on of such centres is =
polarization reversals could not be rejuvenated at the 10

2
'cm

5 
and the distance of 120 A between plane faults is

same heating condition. in good agreement with the TEM observations. Since
antiphase boundaries (APB) are real physical
disturbances in the otherwise regular lattice

Discussion structures, we believe that APB may act as the
boundaries of microdomains which together form the

The use of TSC to study defects in ferroelectric larger domains seen in TEM. The interaction between the
oerovskites has been shown to be of value. The fact that APB and the domains should then affect the motion of
the defect densities correlate with fatigue demonstrates ferroelectric domain walls which determine ferroelectric
that TSC can assist in the identification of fatigue properties such as polarization and coercive fields. In
mechanisms. The twc TSC peaks at 400K and 500K other words, the APBs are able to pin the domain walls.
respectively in PZT are associated with two different
discrete levels even though their energy levels are On the other hand, it has been observed that the
close. This is confirmed by differences in the capture major domain wall configuration induced in the PZT
cross sections of the two traps, and in their response system by electric fields are 90' [10). The switching of
to oxidation and reduction. Trap I, which is associated 900 domains is accompanied by the redistribution of
with peak I, is little affected by the process giving strain and stress fields in a lattice. If stresses build
rise to fatigue, but is strongly affected by up around local inhomogeneities with each polarization
nonstoichiometry. In contrast, the trap II associated reversal cycle, the shear motion of the lattice forced
with peak II, is not only affected by nonstoichiometry, by those stresses may create more antiphase boundaries.
but also sensitive to the fatigue process. It is T is may explain the increase of the TSC trapping
postulated that TSC peaks in PZT are related to the band centers with polarization reversals. Increase of the
conduction of nonequilibrium carriers instead of hoping number of APB in the fatigue process is equivalent to
conduction. This may justify the use of trans',rt the splitting of microdomains into smaller ones. This
parameters of band conduction in the estimation of tra, intensifies the pinning effect of domain walls, leading
concentrations. to smaller polarizations and larger coercive fields.

Obviously, this fatigue mechanism is dependent only on
The experimental evidence for the origin of the the polarization reversals but not on time. This model

trapping centers obtained from TSC suggests that the is analogous to mechanical fatigue in metals due to the
traps are not directly associated with point defects.The interlocking of dislocations. The hypothesis proposed
negative correlation if TSC peaks with oxygen vacancies here is consistent with much of the experimental data on
generated in oxidation-reduction experiments has ferroelectric fatigue, although the model may be
excluded the direct association of trapping centers with oversimplified keeping in mind the complexity of
oxygen vacancies. Although oxygen vacancies are formation of the APB boundaries. The detailed
considered to bv electron donors in titanate interactions between APBs and domain walls are still not
perovskites, the exp. cted activation energy is about clear and have to be further clarified. TEM experiments
0.2eV for the ionization of the second electrons, to confirm the fatigue mechanism proposed here are in
compared to 0.80eV and 0.76eV in the current TSC progress.
measurements. Similarly the fact that reduction was
carried out in a temperature range in which the loss of
lead was insigificant, and the fact that TSC peaks can Conclusions
be regenerated in an oxidation-reduction-reoxidation
process also excludes the direct association of trapping We have correlated ferroelectric fatigue in PZT
centers with lead vacancies. Impurities may also act as thin films with lattice defects using a thermally
extrinsic point defects. The impurities were introduced stimulated current technique, he TSC measurements have
either accidentally from the source chemicals in undoped excluded the direct effects of point defects of either
PZT or deliberately by doping. The amount of impurities an intrinsic or an extrinsic nature on the fatigue
were established by a specific fabrication process and process. The observed trapping centres have been
the concentration was unaffected by the subsequent attributed to extended defects such as antiphase
reduction process. No correlation was observed with the boundaries or other planar faults. It is suggested that
volume concentration of defects. From these arguments, fatigue is ca'.'ned by domain splitting and pinning due to
we conclude that point defects do not directly account interactions with APB bcundaries during polarization
for TSC trapping centers which are related to fatigue. reversals.

The fatigue process in fer-oelectric thin films is
caused by polarization reversals only and is thus time- Arknowledgements
independent. This is also confirmed by fact that non-
ferroelectric films do not show fatigue and the density This work was supported by the Natural Sciences
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fatigue mechanism in ferroelectrics should take these
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NEW FERROELECTRIC AND PIEZOELECTRIC POLYMERS piezoelectric response exhibits a sigmoidal shaped
increase followed by a plateau region, and sometimes
a decrease in response as the maximum annealing

J.I. Scheinbeim, B.A. Newman, B.Z. Mei and J.W. Lee temperature of each sample is reached. Each of the
Polymer Electroprocessing Laboratory polarized nylon samples was first annealed for two
Department of Materials Science and Engineering hours at the highest measurement temperature shown,
Rutgers University in order to stabilize their response.
P.O. Box 909
Piscataway, NJ 08855-0909
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Recent studies in our laboratory (The Polymer
Electroprocessing Laboratory, Rutgers University)

have led to the discovery of a new class of
ferroelectric polymers-the odd-numbered nylons
[1,2]. The ferroelectric switching behavior of these
nylons can be seen in Figures 1 and 2, which show the
current density (J) versus electric field (E), and
electric displacement (D) versus electric field (E) 6

behavior, respectively, of nylon 11, nylon 9, nylon
7 and nylon 5. Figure 3 shows the remanent 5 d
polarization as a function of dipole density for

these nylons. The remanent polarization appears to 4 C

linearly increase from a value of -55 mC/m
2 

for nylon E 3

11 to a value of -135 mC/mi2 
for rtylon 5. If we

project this linear increase to the dipole density of

nylon 3, we obtain a value -180 mC/ml. The actual
value for nylon 3 will hopefully be determined in the
near future and will be compared with the projected C

value.

-U
In addition, we have also discovered an 2

electroprocessing technique for stabilizing the L
polarization of these materials to about their L 3
crystalline melting points, which has resulted in a
new class of piezoelectric polymers that can be used 4

at high temperatures [3] . We have extended our -5
previous work on nylon 11 and nylon 7 to include
studies of nylon 9 and nylon 5. Nylon 5, which has -6 I ,

the highest melting point of any of the odd-numbered -200 -150 -100 -50 0 50 100 150 200
nylons we have studied, has now been shown to exhibit
stable piezoelectric response up to a use temperature Electric field (MV/m)
of -250°C. Current density versus electric field for

The temperature dependence of the piezoelectric a) Nylon 11, b) Nylon 9, c) Nylon 7, and
strain onstants, d31 , for the odd-numbered nylons d) Nylon 5

studied are shown in Figure 4, and the temperature
dependence of the corresponding piezoelectric stress Figure I
constants are shown in Figure 5.

In all cases, the piezoelectric response of
these odd-numbered nylons is low at room temperature,
which is below their glass transition temperature,
T,. As temperature increases through T'.
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NEW FERROELECTRIC AND PIEZOELECTRIC POLYMERS piezoelectric response exhibits a sigmoidal shaped
increase followed by a plateau region, and sometimes
a decrease in response as the maximum annefling

J.1. Scheinbeim, B.A. Newman. B.Z. Mel and J.W. Lee temperature of each sample is reached. Each of the
Polymer Electroprocessing Laboratory polarized nylon samples was first annealed for two
Department of Materials Science and Engineering hours at the highest measurement temperature shown,
Rutgers University in order to stabilize their response.
P.O. Box 909
Piscataway, NJ 08855-0909
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Recent studies in our laboratory (The Polymer
Electroprocessing Laboratory, Rutgers University)
have led to the discovery of a new class of
ferroelectric polymers-the odd-numbered nylons
[1,2[. The ferroelectric switching behavior of these
nylons can be seen in Figures 1 and 2. which show the
current density (J) versus electric field (E), and
electric displacement (D) versus electric field (E) 6
behavior, respectively, of nylon 11, nylon 9, nylon
7 and nylon 5. Figure 3 shows the remanent 5 -
polarization as a function of dipole density for

these nylons. The remanent polarization appears to 4C

linearly increase from a value of -55 mC/m
2 

for nylon E 3

11 to a value of -135 mC/m
2 

for nylon 5. If we 2
project this linear increase to the dipole density of

nylon 3, we obtain a value -180 mC/M2. The actual b
value for nylon 3 will hopefully be determined in the "
near future and will be compared with the projected C
value. 1 --I

In addition, we have also discovered an C -2
a)electroprocessing technique for stabilizing the

polarization of these materials to about their L -3
crystalline melting points, which has resulted in a
new class of piezoelectric polymers that can be used -

at high temperatures [3]. We have extended our -5
previous work on nylon 11 and nylon 7 to include
studies of nylon 9 and nylon 5. Nylon 5, which has -6
the highest melting point of any of the odd-numbered -200 -150 -100 -50 0 50 100 150 200
nylons we have studied, has now been shown to exhibit
stable piezoelectric response up to a use temperature Electric field (MV/m)
of -250"C.

Current density versus electric field for
The temperature dependence of the piezoelectric a) Nylon 11, b) Nylon 9, c) Nylon 7, and

strain constants, d3 l, for the odd-numbered nylons d) Nylon 5

studied are shown in Figure 4, and the temperature
dependence of the corresponding piezoelectric stress Figure
constants are shown in Figure 5.

In all cases, the piezoelectric response of
these odd-numbered nylons is low at room temperature,
which is below their glass transition temperature,
Ts. As temperature increases through Ts,
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STRAIN PROFILE AND PIEZOELECTRIC PERFORMANCE OF PIEZOCOMPOSITES
WITH 2-2 AND 1-3 CONNECTIVITIES

Q. M. Zhang, Wnewu Cao, H. Wang, and L. E. Cross
Materials Research Laboratory, The Pennsylvania State University

University Park, PA 16802

Abstract: The piezoelectric performance of 1-3 type composite the shear modules of the polymer phase needs to be infinity, which
depends critically on the stress transfer between the two constituents is not practical. This explains why the theoretical calculations based
phases. This paper presents the results of our recent investigation on the isostrain model always overestimate the piezoelectric
on the elastic and piezoelectric behaviors of composites with 2-2 and response of composites. Shown in figure 2 is the strain profile for a
1-3 connectivities. By taking into account the nonuniform strain 1-3 composite manufactured by Fiber Materials, Inc.. The strain
profiles in the constituent phases, the theoretical model preseted profile was measured by the double beam laser interferometer.
can quantitatively predict the performance of these composites. Clearly, the strain in the polymer phase is much smaller than that
Theoretical predictions agree quantitatively with the experimental expected from the isostrain model. The major advance of our
results. model is to take into account this nonuniformity of the strain profile

in the constituent phases explicitly. Therefore, this model can make

Introduction quantitative predictions on the dependence of the effective material
The quantitative study of the performance of piezoceramic- properties of a composite on the properties of its constituent phases

polymer composites is an interesting and challenging problem. In and the sample geometric factors.

the past, a great deal of studies have been devoted to this subject.t13

Nevertheless, most of these studies are based on the effective
medium theory, where the material properties in each constituent 500
phase are assumed to be uniform, and the effective material
parameters of a composite are calculated using either the parallel 400
model (Voigt averaging) or series model (Reuss averaging).
Although these studies provided general guidelines i" predicting the 0
composite properties, the quantitative predictions of the effective .
material parameters deviate from the experimental observations in
most cases. v,' 200

In this paper, we will present the results of our recent study
on piezoceramic-polymer composites with 2-2 and 1-3 type 100

connectivity. 4 -6 Since the most important factor of a composite -

structure is the stress transfer between the two constituent phases, ____ ,_,___._____,_,______,_i_._.__.
the key to establish a working model for the composites is to 0

understand how this stress transfer is realized. Illustrated in figure 1 0 2 4 6 8 1 0 12

is a 2-2 composite structure in which the ceramic plates and polymer Position (mm)

are arranged parallel with each other. When subjected to a uniaxial
stress, the composite will deform as illustrated by the dashed lines in Figure 2: Strain profile for a 1-3 composite measured by the double

figure 1(b). For comparison, we have also plotted in the same beam laser interferometer. Hatched regions are PZT rods
figure the defnmintion profile I,,;kuming no elastic coupling between
the two constituent phases. The effectiveness of the stress transfer
between the two phases depends on how much the strain in the The strain profile in 2-2 composites
polymer phase differs in the two situations Ithe area between the The cross section of a 2-2 laniellar ceramic-polymer composite
dash-dotted line and the dashed line in figure l(b)]. This is is shown in figure 3, where a and d are the dimensions of the
determined by the elastic properties of the constituent phases and ceramic plate and the polymer respectively in the x-direction, and L
geometric factors of the composite. Clearly, the stress transfer in is the thickness of the composite in the z-direction. The dimension
the composite is through the shear force and the strain in both of the composite in the y-direction is much larger than L, a and d.
phases is not uniform. When the strain is uniform in the composite, Under a uniaxial stress T 3, both the polymer and the ceramic
there is a maximum stress transfer between the two phases. This is are either stretched or compressed depending on the sign of T 3 .
the base for the isostrain model. However, to achieve that situation, From symmetry consideration, the z=O plane (mirror plane) does not

move at all in the z-direction. In the near static case, one can assume
I.. . 4.LL •, L ,,, ,.. &..4 , the strain to be uniform in the z-direction for any given x.4 Taking a segment as shown in figure 3 with unit length in the y-

I .I .. direction (h=l), the total shear force in the z-direction fs is

Li II(a) fs=(L,/4) pi u,,(x, L/2) dx
[I .where u(x, L/2) is the displacement profile at the top surface of the

- polymer, p. is the shear modulus of the polymer. In the x-direction
T F T Ft t, t •the composite can move freely and the stress component in this

direction is therefore zero. In the y-direction, the polymer is
bounded by the ceramic plates and the total stress in this direction is

A..JL 4 ..L L lumped into T 2 since we are not interested in the details of this stress
*z component. From these conditions, one can write down theIconstitutive relations for this elastic body:

LL(bi 2 u(x, L J2) L
-SL =33(4p ulx(x, L/2) +T 3)+S3 2 T 2  (la)

T$ fS2 2 s2TT2 + S 2 ( 4 u xx,L/2)+T3) (1b)

Figure 1: Schnematic drawing of the 2-2 composite: (a) strain profile where S2 is the y-component of the strain in the polymer phase, sq
(dashed line) of the composite from the isostrain model when is the elastic compliance. For the polymer. one has the relations:
subjected to a uniaxial stress; (b) real strain profile (dashed line). s22=s33 and s32/s33=-G, where 0 is the Pnoisson's ratio. Fur a 2-2
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Figure 3: A section of 2-2 composite for our analysis. Position (mm)

Figure 4: Comparison between the experimentally measured strain
profile (dots in the figure) of a 2-2 composite and the theoretical

composite with its y-dimension much larger than L, a and d, S2 is curves (solid lines).
practically a constant and is independent of x. That is, the strain in
this direction can be modelled by the isostrain approximation.
Combining eqs (Ia) and (lb) to eliminate T2 yields
2 u(x. 1-.2) _ L 2value for the spurs epoxy used.

L - ~(lo )4p u~(xL/2)+s1 (l- )T 3 0S2 (2)Single rod 1-3 comoosite
If one neglect the stress effect in the y-direction, eq. (1) will be Atog h ai testase ehns ewe h w
reduced to Atog h ai testase ehns ewe h w

2 u(x,L[/2) - L u~(.L2 s 3 3 constituent phases in a 1-3 type composite is similar to that in the 2-
L = 334"-Ul ('1/2 s3T 3 2 type, the problem of solving the strain profile in a regular 1-3

composite is more involved and may be calculated numerically.
Hence, the effect of the y-direction stress on the strain in the z- Here we will only treat one special case, a single rod 1-3 composite
direction is to modify the elastic compliance s33 to s33(1-0i2) and to subjected to a hydrostatic pressure, to show quantitatively how
add an additional constant term (Poisson's ratio effect) in the various parameters affect the performance of a 1-3 composite. The
equation. It does not affect the functional form of the equation. single rod composite is schematically drawn in figure 5, where a
Considering the fact that both T3 and S2 are constants, we can make cylindrical coordinate system is used. This configuration is a
variable substitution: v=u+ (L12)(os 2-s53_ (I-o2) T3) and equation reasonable approximation to the composite with triangularly

(2) bcomesarranged ceramic rods (for which the unit cell has hexagonal
( 2)bxcomes 2Lsymmetry) and at low ceramic content, the results here could even

2vxL,2), = s33(1"2•L- -P.~ V(xx(, L./2) (4) be used for composites with other rod arrangements.6

Therefore, the strain profile in the polymer phase between the two
neighboring ceramic plates is PL E2.., xos 2 d, Tr,--=Acsh2--2/(p(l-oi))) + •---S 2  (5)•W

L L Y

where A is the integration constant, Y=l/s33 is the Young's
modulus of the polymer phase. x--O is at the center of the polymer CRMC

filling. A can be determined from the boundary condition: A= ROD -
d 2 L_

(iure T3: Asection of2-2comh( 2Y/0o (-i f ))), where 2 uo/a is the

srain in the polymer-ceramic interface. For the situation when there
is only one ceramic plate in the composite, the longitudinal strain of
the polymer phase is

Cominigeq (x1a2)2 ad 0b tolmn 2 yild

2u/L= B exp(- (x V u, 4 2Y/( AI(l- a 3 ) --oS 2 (x>a/2)

L L SigeroY-

and (6)reuced top(u (x,'2)2 Y 2 T3  constFigure n : Schematic drawing of a single rod 1-3 composite.

where x=O is set at the center of the ceramic plate. Similar o t he 2-2 composite situation, the force equilibrium
To compare withnthe theory, several 2-2 composites were condition for the polymer phase can be written in the following

made using PZT-5A plates embeded io'. spurs epoxy matrix. Thelongitudinal strain S3=2u/L of the sample was mapped out along a form6

path parallel to the x-axis (refer to figure 1) using the double beam r nlro nm wg

laser interferometer. Presented in figure 4 is the profile taken from . (un.(r, 1.12) + u )r -d)) (1-2o) p=2YurL)
r = L (7)one of these scans. The solid line in the figure is the fitting using where the meaning of each quantity is similar to that in the preceding

eq. (5) for the polymer regioi.s between the PZT plates and eq. (6) section and p is the hydrostatic pressure. One can write down
at the two edges of the sample. Clearly, the theoretical curve similar equation for the strain profile in the ceramic rod. The strain
describes the data quite well. From fitting the data, one can obtain profle for the polymer phase is therefore given by
the value of Y/(p. (1-o 2))3.35. For an isotropic medium, we 2u/L(= A Ko(r5) + B lo(r/)) - (1-2o) p/Y (8)

have the relationship Y on =2 (1-0). Therefore, from the value of where Kn'(p) and o(p) are zeroth order modified Bessel functions,
Y/(p (1-o 2))3.35, we can derive 0=0.4. which is a reasonable A and B can be determined from the boundary conditions. From the
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strain profile, one can calculate the stress transfer between the two where Vc is the volume content of the ceramic in the composite, d33c
constituent phases and hence the effective piezoelectric hydrostatic and d33 c are the piezoelectric constants of the ceramic phase, and
strain constant dh: is the strss amplification factor:6

dh= Vc(yhdc+2d0) (9)

L c C
a- ,(pl a)[(p )K I(P,- ,i(p•K) (p1[( l-2o)/Y -(1 -2o )sm]

"yh=1  -I c (I0)
C4IdP[t(P )Kl(Pa)-I (P)K (PR)I+ " [(pa)[lI(PF)K0(pe)+10(pea)Kj(p R

where s33 and c44 are the elastic compliance and the shear constant

of the ceramic, oc is the Poisson's ratio of the ceramic,
-9---- Experiment

S2 5.5 -- Filling

Pr =(2 r/L) and Prc =(2 r/L) One can see that

the stress amplification factor depends on the elastic properties of the 5

constituent phases and most importantly, on the aspect ratio of the
ceramic rod. PoItted in figure 6 is the calculated results for dh from 4S
eq. (9) for several different aspect ratios for a PZT5H-Spurs epoxy
composite. The input data can be found in reference 6. Clearly,
aspect ratio of the PZT rod is an important parameter in determining
the piezoelectric performance of 1-3 composites.

Shown in figure 7 is the comparison between the 3.5
experimentally measured dh for a 1-3 composite with 1% PZT
volume content in spurs epoxy matrix and that calculated from

equation (9). The parameters used in the calculation are listed in 3
reference 0, and d33 and d3l were treated as fitting parameters. The 4,5 5 5 6 57 a

agreement between the experimental result and theoretical calculation Sample Thsckness (mm)

is satisfactory.
Figure 7: Thickness dependance of dh for a 1-3 composite and the

120 .I comparison with the theoretical prediction. The radius of the PZT
PZTSH-pox--rod is 0.405 mmr.
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Abstract S(3) PZT rods
The strong dependence of the sensitivity on the Epox S hell

hydrostatic pressure is a well known problem for sensi- Epoxy
tive hydrophones. Hydrophones stable up to a 10 J4Pa or
a 15 MPa hydrostatic pressure and with a gh.dh figure
of merit respectively equal to 28.10'12 Pa"I or (2)
16.10-12Pa 1 are proposed.

Those hydrophones are made on the 1.3.1 piezo-
composite basis. For this kind of connectivity, there
is no lateral contact between the polymer matrix and
the PZT rods. The PZT rods are inserted in holes made Armature plates
in the polymer matrix and are held between two metallic
armature plates. )Polymer matrix

The hydrophone sensitivity and figure of merit
variations versus the hydrostatic pressure are compared
to the PZT piezoelectric coefficients dependence on the FIGURI 1: A 1.3.1 Piezocomposite device (not embedded)
uniaxial stress applied along the polarization
direction.

An optimalization approach is proposed based on the different parts of the composite. In this paper, a

a complete characterization of the PZT under uniaxial characterization of the 1.3.1 piezocomposite under high
stress and on a FEM model of the piezocomposite. hydrostatic pressure is given and an optimization

taking account of the pressure stability is proposed.

introduction Experimental

A lot of studies have been made during the Sample Preparation
fifteen past ,ears in order to make piezoelectric mate-
rials preseiicing a large hydrostatic mode sensitivity. The polyurethane matrix (Flexcomet 94SA) is
One of these materials, the 1.3 PZT-Polymer piezocom- primarily cut to the desired size ( 30mm x 30mm x 5mm).
posite, early investigated by Newnham and al.

1
, con- Holes are drilled following a square or hexagonal

sists of parallel PZT rods embedded in a polymer arrangement, as numerous as necessary to get the right
matrix. This composite is based on the most widely volume ratio. The armatures plates are cut in sheet
exploited stress transfer principle involving shear steel of various thicknesses. The piezoelectric rods
stresses at the matrix-rod interface 2. However, in are 2.7mm in diameter and 5mm high. This size was ini-
order to be efficient, this kind of stress transfer re- tially chosen because it is the smallest size industri-
quires very thin PZT rod shapes. An other difficulty is ally made in quantities for high voltage igniters. Two
the parasitic transverse coupling due to the high kinds of PZT have been used : a Navy I type, TDK FM91e
Poisson's ratio of very compliant polymers. Very sensi- used in the first experiments and a hard one, Fe and Mn
tive devices have been made, taking account of these doped referenced here as LG262 and used in the present
problems, by using foamed polymer matrices

3
, fiber work. Tables 2 and 3 list the main properties of those

reinforced matrices
4 

or matrices with a single large materials.
void

3 
and needle shaped PZT rods for all of them. The PZT rods are first aligned and bonded on

In order to make 1.3 piezocomposites with a the first armature plate ith a conductive adhesive
common industrial PZT rod shape, a transducer, shown on (epoxy + silver). The matrix is then stuck with epoxy.
Fig.l, was designed with the rod shape not directly The rods are grinded in order to equalize exactly their
involved in the stress transfer accuracy. This device height to the matrix thickness. The second armature is
presents the general properties of a 1.3 piezocomposite bonded simultaneously on the PZT rods and the matrix.
but without any lateral contact between the polymer Some samples have been reinforced with an epoxy shell
matrix and the PZT rods. No charges are by this way added on the lateral sides of the composite. The
generated by the lateral coupling of the PZT. The devices are finally entirely embedded in polyurethane.
stress transfer, not directly based on the interface,
is carried out by two metallic armature plates used as Measurements
electrodes and providing also a reinforcement of the
polymer matrix in the transverse directions. This The piezoelectric hydrostatic coefficients are
device is referenced as 1.3.1 PZT-Polymer-Air compo- directly measured in an oil filled volume where a low
site, the air surrounding the PZT rod in the matrix frequency (120 Hz) low amplitude (400 Pa RMS) sinu-
hole corresponds to the last figure in the connectivity soidal hydrostatic pressure is applied. A high
expression. First studies 5 showed the influences of hydrostatic pressure up to 15 MPa can also be applied.

CH3080-0-7803-0465-9/92$3.00 ©IEEE 255



Th5A I : 1.3.1 Piezocomposites made with PZT LG262 and PU 94SA. Experimental results and fabrication data.
6(gs.dh) = 10 . log ( g,.dh x MPSI) / gh'dh (initial) ) . The variations are reversible.

PZT numb hole plate gh.dh a(gh.dh) 6(gh.dh) 6(gh.dh) 6(gh.dh) 6(gh.dh) 6(gh.dh)
sample volume of * thickn. epoxy initial 0 1 cycle 1 cycle 35 cycles 35 cycles 24 hours 24 hours
number % rods (mm) (mm) shell TPa - 10 MPa 15 14Pa to lOMPa to 15MPa at 10MPa at 15MPa

3204 10.2 16 6 1 no 24.4 5.3 +0.8 -0.8 not meas. not mes. not meas. not meas.

3208 12.7 20 5 1 no 18.5 4.6 .0.7 -0.1 -0.4 -1.2 not meas. not meas.

3209 15.9 25 4.5 1 no 16.9 4.0 0 -0.1 -0.5 -0.7 -1 -1.3

3213 15.9 25 4.5 1.5 no 16.5 4.1 +0.3 0 -0.1 -0.5 -0.6 -0.8

3219 10.2 16 6 1 yes 28.2 6.5 +1 -0.9 +0.2 -1.5 -0.9 -3.3

3226 10.2 16 6 1.5 yes 28.3 6.6 +1.1 +0.2 +0.4 -0.5 -0.5 -1.9

3239 12.7 20 5 1.5 yes 21.8 4.9 +0.9 +0.8 not meas. not meas. +0.5 -0.3

3255 12.7 20 5 1.5 yes 18.4 4.6 +0.8 .+0.2 .0.2 0 -0.15 -1.5

The hydrostatic parameters are first measured regions where the strains are too important for a via-
under a 0.1 MPa hydrostatic pressure characterizing the coelastic material. Both the armature plate thickness
initial stress-free state of the composite. The hydro- and the epoxy shell lower the stress supported by the
static coefficients are measured during 2 stress lateral edges of the matrix and then limit its lateral
cycles: a 4 hours long one up to 10 MPa and a 6 hours strain and the related effects. Considering that -oint,
long one up to 15 MPa. Then, two series of 35 cycles the piezocomposites with a gh.dh equal to 16.10 2Pa
(20 min) are applied up to 10 MPa and 15 MPa. The hy- could be used up to 15 MPa whereas the ones with a
drostatic figure of merit is finally recorded during gh.dh comprised between 16 and 28.10"12Pa' 1 

could still
two 24 hours periods under 10 Mpa and 15 MPa. Each of be used up to a 10 Mpa pressure.
these 6 experiments are separated by at least a 24
hours recovering period at atmospheric pressure.

Table 1 lists the results obtained with the PZT Hydrostatic pressure dependence interpretation
LG262 / PU 94SA 1.3.1 Piezocomposites. Figure 2 shows
typical hydrostatic sensitivity (Sh) variations with
the pressure up to 15 MPa for some of them. Uniaxial scheme of the 1.3.1 Pieszocomposite

Discussion As a consequence of the piezocomposite consti-
tution, it can be assumed that the PZT rods are uni-

It is observed that the first pressure cycle is axially stressed along their polar axis. If d33, 9S3
not long enough to evaluate the piezocomposite resis- and ET3
tance to hydrostatic pressure. Repetitive pressure of the piTma el and if pdramet>an

of the PZT material and if <dh>, <gh> and <f33 T r h
cycles are necessary to separate the stable piezocompo- 33> are the

sites from the unstable ones. Roughly, the decrease of hydrostatic and dielectric coefficients of the piezo-
gh.dh with pressure is an increasing function of the composite then:

sensitivity. However, some other parameters should be
considered. Composites with thicker armature plates are <gh> = 9 " 933 (1) <dh> = 13 . v . d 3 3  (2)

generally more stable. The composites with the small <133>= v " 33 (3) <gh.dh> = 13.v . g3 3 .d 3 3 (4)
lateral epoxy shell are also more stable. Composites
without the shell can even be destroyed when the 15 MPa where v is the PZT volume fraction and 1 is the stress
pressure is released (Sample 3204). As it will be shown amplification coefficient defined as follows:
afterwards , the PZT material has a direct influence on
the piezocomposite behavior under pressure, but the T3 = 3 • P0  (5)
matrix can also be involved and particularly in the

T3 is the uniaxial stress applied to the PZT rods and po
1.3.1 PIEZOCOMPOSITE PRESSURE DEPENDENCE is the hydrostatic pressure .

-180 p is also the ratio of <gh> to g3 3 and is calculated by

-18, - t'iis way from the measurements under atmospheric pres-
sure of both the PZT rods and the piezocomposite.•. -182- s•.ample 3-22-6

-1 pZ? longitudinal stress dependence and limits

o-184 -=mple 3204 The longitudinal uniaxial stress effects on the

PZT coefficients, early investigated by Berlincourt and
-85 3239Krueger , have been measured on a special device allo-

-16wing the measurements of d3 3 an 33ihapesrs
p (1 to 200 MPa) applied to a PZT rod (cylindrical PZT

--187 sample, 5mm in diameter and 15mm high). Figure 3 shows

the g 3 3 .d 3 3 figure of merit variations versus the uni-

SH.- t C axial stress T3 for various PZT materials including PZT
-189o LG262 and PZT TDK FM91e used in our experiments and

P1.88 and P1.89 soft and hard PZT made by Quartz et
0 o 4 0 B2 1 t Silice (Saint-Gobain - France). As observed on multiple

1YDROSTATIC -SESSURE ( MP. stress cycles5, the maximum uniaxial stress T3max that
the PZT material can support continuously without im-

FIZRM 2 j Hydrostatic sensitivity pressure dependence portant decrease of g 3 3 .d 3 3 is assumed to correspond to

measured during a 6 hours long pressure cycle up to the maximum of the g3 3 .d 3 3  versus stress plot. Those

15 MPa. Sh is expressed in dB ref. iv/pPa. limits can therefore be easily obtained from Figure 3.
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'I IL1 '3.1 '133 H.1 kk. 'k M I i 1 .1i'iSR. Pjesocomposito Optimization-

FM modeling of the 1.3.1 Pieaocooiepitea

Early attempts to mojel 1.3.1 piezocomposites
with an analytical model essentially based on armature

-ZIT I Ilk plate deflection hypotheses gave good orders of magni-

I tude and some of the general tendencies experimentally
- observed . However, this kind of model is unable to

o .- '-- ~ predict the right deflection state of the armatures,
S- * specially in the case of multi-rods composites. Static

S-FEM analysis of the 1.3.1 piezocomposites have been
"made with the FEM ATILA program . Figure 5 shows the gh

, r(. 0. + variations versus the PZT volume fraction for a 30mm

x30mm x 5mm PZT LG262/ PU 94SA 1.3.1 piezocomposite and
-- for various plate thicknesses. For each PZT volume

fraction the matrix hole diameter is chosen in order to

2)( 1 2)1 get the holes tangent to each others in a square arran-
gement while keeping a imm margin between two adjacent

.),o%,1IDINA)I %IAXILAi ll)k< 13 I1 MI', holes and a 0.5 mm one between a hole and the external

sides of the matrix. These margins are the minimum ones
FIGURE 3 : g33 d3 3  pressure dependence of various PZT allowing a realistic bonding of the armatures on the
materials showing the superiority of Navy III PZT matrix. The previous experimental results, obtained in
(Pl.89 - Quartz & Silice - St. Gobain - France). very similar conditions, are also plotted showing a

good agreement between the experimental and theoretical
results.

PIT and Piezocomposite comparison Figure 6, obtained by FEM shows the gh varia-
tions versus the lateral size of the composite while

According to equations (1) to (5), it would be the other parameters are kept constant. The g, coeffi-
possible to derive the PZT d3 , variations versus stress cient is an increasing function of the composite late-
from the piezocomposite hydrostatic coefficient varia- ral size. This result is partly due to the transverse
tions versus hydrostatic pressure. This is represented reinforcement of the matrix by the armature plates.
on Figure 4. The continuous curve, also plotted on This effect is combined with the influence of the mul-
Figure 4, corresponds to the direct measurement on a tiplicity of the PZT rods on the plate deflection.
PZT rod. The rather good agreement between both results These combined effects saturate when the lateral size
shows the consistency of the assumptions and the inte- is 5 to 6 times the matrix thickness, giving that way a
rest of the direct PZT characterization under uniaxial value of the minimum lateral size of the composite.
stress for the piezocomposite design.

12) I P2rLGL6;i 2 / P1. 94SA I'lElO(OUPOI1O E

SI 'OCOMPAfICSON f"ZI .GZ6;e .,,d I'ZT L• ý!tQ/ |(4SA COM OSiTIE zoo.

0 :, i;l-: Ar ature Thickness

4- .-- t Tl k -... o \ ,

i-~ - .*' ~ "*' E 140.

--- -*** *" i 120ý

*.80.

to o MSMUAIN

- [',rtr,. .u•, .,),,.*,-,t ,,nI'/.I (.24,2 • El S0tITIN

12,- ,1.2't r ,,ni Arniature TIt kt-,el

+ Wlth [,.t-r.1 E~p.y Zhol

0" d t . . . C - -' - -... . ... .
Epn-y SErI

0(.1J 0.1 0I I! o e2 0' (3

(; tO 20 10 4O) 50 60 70 gO 90 I00
iZT VOLUt!M? F'RA(TIoN

.ONt;LTI'[|NAL UNIAXIAL SR'ESS T+3 I M|u )FIGURE 5 : Finite Element Simulations of tie g. varia-
FIGURE 4 Comparison of the piezocomposite dh pressure tions versus the PZT volume fraction for various
dependence (points and asterisks: the d3 3 is derived armature plate thicknesses(lmm ,l.5mm, 2mm). Calculated
from the dh measurements) to the PZT rod d3 3 stress for a 30mmx30mmx5mm square composite.
dependence (continuous curve).

TABLE 3: Properties of the PZT materials used in the
experiments.

TABLE 2 : Properties of the polymer materials used in PZT type TDK Pg91e (TDK) PIT LG262 (LOEF)

the experiments. d 3 3  (pC/N) 309 260
Polymer bpoxy Polureth. 16.4 14.1

£33 (1 /M1.441Reference Resin D Ciba-Geigy 94 SA Framet

r4 4 Fo / o 1300 1170

l11(1012 a 2 /N) 217 3300 g 3 3 d3 3 (10" 1 5
Pa- 1) 8300 6500

Poisson's ratio 0.35 0.49 T3m.. (HPa) 40 60
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I 3.1 PZT TON FM5I./kPOXY PIE20COMPOSITE SLMULATIONS o101 PT LCZ.5 / r, 94SA PLEZOCOMPOSITk OPTLUMZATION

0 FM SIMUýATIONS .

3. U

I

O Armtur pl.at Th- = I

10, ae pluaed. Ih[lkM • I I . n~ 20[

0 5 10 1 20 Z5 30 35 40 0 005 0 1 0.15 0; 0 Z5 U J

LATERAL SIZE OF THE PIEZOCOMPOSITE (-m) PZ1 UOLL;ME FRACT-N

rIGRN 6 : gh variations versus the lateral size of the rIGURIL 7 1 Optimization diagram in the (v , gh dh

piezocomposite. This is a consequence of the reinforce- plane for a 1.3.1 PZT LG262 / PU94SA piezocomposite.
ment of the matrix by the armature plates.

Stability domain - Optiuieatiou Conclusions

As a consequence of the uniaxial compression of It is experimentally shown that the 1.3.1 com-
The PZT rods, equation (4) means that the 13 constant posite solution allows to get gh.dh fig -s Df merit up
locus in the plane defined by the gh.dh versus the PZT to 28.10 "

1 2
PaI without using needle shaped PZT rods.

volume fraction is a straight line. Its slope is pro- Moreover, a rather small pressure dependence is demons-
portional to 13?.g 3 3 .d 3 3 .According to the PZT uniaxial trated making those composites interesting up to a 10
stress T3max defined previously as a limit, a maximum or a 15 MPa hydrostatic pressure. Finite Element Mode-
useful hydrostatic pressure allows to calculate a ling of these structures gave good results allowing a

1Limit value equal to T3max divided by the maximum realistic optimization. The optimization, based on an
pressure. The line shares the plane in one efficient characterization of various PZT materials
stable area below the line and one unstable area for a under high uniaxial stress, showed the best suitability
given PZT and a working hydrostatic pressure. Now, if of Navy III type PZT for 1.3.1 piezocomposite hydro-
the theoretical gh.dh versus PZT volume fraction plot phones. Figures of merit up to 30.10 

1 2
Pa"I could be

is superimposed, the intersection point defines the reached while keeping a good pressure stability up to
best sensitivity-stability trade-off in these condi- 15 MPa.
tions. Figure 7 illustrates this optimization procedure
in the case of PZT LG262 and PU 94 SA. The upper Ackowledgesents
straight line (p=6) is representative of a 10 MPa
working pressure. The lower one (13=4) corresponds to This work is supported by the CERDSM department
15 Mpa. "'he optimum trade-offs derived are approxima- of the DCN Toulon and by the DRET. The .ut, ors grate-
tely gh.dh= 27.10

1 2
Pa v=ll%) up to 10 MPa and fully acknowledge Roger Vignat for his h•lp in the

gh.dh= 17.10"
1 2

Pa
1

I (v=16%) up to 15 MPa. The experi- fabrication of the composiLe parLs.
mental points are also plotted on Figure 7. Keeping in
mind the remarks about the epoxy shell or the plate References
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PIEZOELECTRIC TRANSDUCERS

FOR MEDICAL ULTRA -ONIC IMAGING

T. R. Gururaja
riewlett-Packard Company

3000 Minuteman Road
Andover, MA 01810-1099

In clinical pulse-echo ultrasonic imaging, the the reflectc. echo reaches the transducer, the
piezoelectric transducer provides the link between the translucer generates a voltage proportional to tne
human body being imaged and the processing electron- acoustic impedance mismatch at the intertace. The
ics. The requirements of a transducer for diagnostic time A';,ation between the signal and the returned echo
applications are illustrated in this paper with is proportional to the distance of the interface from
specific examples. Furthermore, the material para- the transducer. The acoustic signal transmitted
meters that influence transducer design are discussed. through the interface serves to detect other impedance
The current status of the piezoelectric transducer discontinuities that may be present at farther
design and common approaches taken to improve the distances.
design are also presented. In medical diagnostic application-, the existence

of an acoustic impedance differenc, between the
Introduction various biological liaterials in the body and also the

impedance variation from one tissue to anothe, is used
The applications of ultrasound medical imaging to generate a two-dimensional grey scale image [1].

,pan a wide frequency range starting from The fact that the acoustic impedance variation from
approximately 1.5 MHz up to 30 MHz depending on the one soft tissue to another is relatively small is
organs to be imaged. For abdominal, obstetrical, b.rieficial since energy is allowed to propagate across
and cardiological applications, the ultrasonic several interfaces providing imaging capability with
frequencies employed range from 2 to 5 MHz. For fairly large depth ranges. The human body, to a large
pediatric and peripheral vasc~ilar applications, the extent, is compiled of water-like media and cannot
range is from 5 to 7.5 MHz. For inraging small objects support transverse waves. Thus, in all of the diag-
such as the eye and for many other enrging modalities nostic applications, only longitudinal ultrasonic
such as intracardiac and intravascular imaging, waves are used.
frequencies range from 10 to 30 MHz. The mode most frequently used in today's ultra-

In any imaging system, one rr the factors which sound equipment is the B-"nde. B-mode is a method of
limits the attainable resolution is the wavelength of echo display in which echo grils are represented as
the radidtion used to form the image. The relation- intensity modulated lines on a display. In the early
ship between the wavelength and frequency of sound is stages of development, transducer was translated
given by: wavelength (A) x frequency (f) = velocity manually to form a two-dimensional image on a cathode
in the propagating media. The velocity of sound in ray tube (Figure 1). Presently, the transducer is
the human body is approximately 1500 m/sec. Thus, the rapidly rotated or scanned electronically to form a
attainable resolution span from I mm to 50 micrometers real-time image.
for the frequency range from 1.5 to 30 MHz. The
highest frequency that can be used for a particular
application is limited by frequency dependent [ Receiver p B-Mod. Sca$nnr
attenuation (approximately 0.5 dB/cm/MHz) within the
body.

Principle of Ultrasonic Imaqing

Acoustic impedarce (Z) of the propagating medium
is a key property on which ultrasonic imaging is
based. The acoustic impedance of the medium is defined
as the product of dencity of the medium and the veloc-
ity of sound in t e medium. The unit of acoustic
impedance is kg/m sec and is termed Ray!. The Figure 1: Principle of Ultrasonic Imaging
acoustic impedance of biological materials ,uch as
blood, muscle, fdL, and tissue range from 1.3 to 1.7 The electronic sc- ner uses an array transducer
MRayl. Bones exnibit r-'atively high acoustic for scanning in which small elementary transducers are
impedance of 3.8-7.4 MRayl. The phenomenon of for side by side sma s tra nsduced are
reflection and transmission of acoustic signais at an placed side by side on a straight or a curved line.
interface between two media is the basis for the Typical scanning formats are linear and sector
ultrasonic imaging. scanning.

The pulse-echo modality in which a piezoelectric In linear scanning (Figure 2a), a group of
transducer acts as both acoustic source and detector elements are driven simultaneously and echo signals
of ultrasound is the most common technique used for are received by the same group. In the second trans-
ultrasonic imaging (Figure 1). In this method, the mission, one or more elements are deactivated while
transducer is excited by an electrical signal to emit new elements are activated to drive and receive as in
short duration acoustic waves into the medium tn be the first transmission. This function continues
interrogated. When the acoustic wave encounters an through all of the array elements to complete one scan
impedance discontinuity, some of the energy is and produces one cross-sectional image or frame.
reflected backwards and some travels forward. When Real-time instruments acquire, process, and display
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images at a rate of 20-30 frames per second. Figure 3
shows the rectangular format of an image produced by a
linear array. A transducer in which the elements are
arranged on a curved line is called curved-linear
array. Such an array provides a trapezoidal format of
the image to facilitate wider area of viewing at
deeper depths.

,a 2b 2c

PHASED ARRAY MECHANICAL
UNEAR ARRAY SECTOR SECTOR

Figure 4: Image of a Four Chamber View of a Heart
Produced by Phased Array Transducer in a Sector Format

Figure 2: Types of Real-Time Transducers In one type of mechanical scanning, a circular
shaped, single element transducer is wobbled inside a
fluid medium to generate a 900 sector scan (Figure
2c). In such a mechanical scanner, a single element
can be replaced by a concentric circular ring array
element to facilitate electronic focusing at different
distances along the axis. Such a transducer is called
an annular array.

Figure 5 shows a 30 MHz image of an artery from
one of the emerging modalities, namely intravascular
ultrasonic imaging. In this modality, the transducer
located at the tip of a catheter is rotated along the
axis of catheter at approximately 1800 rpm to generate
a real-time image. Each division in the figure
corresponds to I mm.

Figure 3: Rectangular Format of a Peripheral Vascular
Image Produced by a Linear Array Transducer

In sector scanning (Figure 2b), each element is
driven appropriately delayed in relation to its part-
ners, so that the ultrasound beam generated from the
transducer propagates at a direction determined by the
delaying conditions. By sequentially varying these
delaying conditions, the ultrasound beam scans in
sector format. This type of transducer is called a
phased array transducer. In both linear and sector
scanning, an appropriate phase delay can be superposed Figure 5: Image of an Artery Produced by an
to focus the acoustic beam at a certain penetration Intravascular Transducer in a Circular Format
depth in the human body. Figure 4 shows the sector
image of the four chambers of a heart.

In a phased array, the elements are approximately Broad Bandwidth Transducers
1/2 wide at the frequency of operation to avoid the For medical ultrasonic imaging, it is desirable toproblem of grating lobes. However, in linear arrays use brd bc

which do not steer, the width of each element could be use a broad bandwidth transducer for the reasonsas wde s 3V2.Thewidh fr lnea an phsed listed below. Broad bandwidth is a relative term,as wide as 3 ,V2. The width for linear and phased which usually means that the 6dB fractional bandwidtharray elements with a center frequency of 5 MHz is of the pulse-echo spectral response is in excess of
approximately 450 and 150 micrometers, respectively. 50%.
The elevation dimension, which is perpendicular to the
scanning plane, is chosen based on the desired focal
distance and depth of penetration.
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1. Broad bandwidth response, in most circum-
stances, corresponds to a short pulse length, which
results in better axial resolution.

2. Short driving pulses, which are used to excite
transducers, have broad frequency content. Therefore,
narrow bandwidth transducers cannot be driven
efficiently.

3. Broad bandwidth offers deeper penetration into
the body. This is because of the frequency dependent
attenuation of ultrasound in the tissue. The effect
of tissue attenuation on the broad bandwidth impulse
response of a transducer (approximately 70% with
center frequency at 5 MHz) is illustrated in Figure 6.
As shown in the figure, the signal at 5 MHz is
significantly attenuated in traversing 12 cms. If the
impulse response did not contain much component at
lower frequencies, the penetration would be limited. Image at 5.5 MHz

oFn. wy path ienith 0 cm 4 cm cm 12 cm

Relative Apmlltude - 5 dBdivialon

-- A/.. •..,

... - --- ' ... \ \

0 2 4 a 8

Frequency In MHz

Round Trip Attenuation - I dB,.,WMHz

Figure 6: Effect of Tissue Attenuation on the
Spectral Response Image at 7.5 MHz

Figure 7: Phased Array Image of a Pediatric Heart at
4. Broad bandwidth also offers the advantage of 5.5 and 7.5 MHz Obtained Using a Dual Frequency

operating the transducer at multiple frequencies. For Transduce,
deeper penetration the transducer can be operated at
lower frequencies, and for better resolution the
transducer can be operated at higher frequencies. The Transducer oesiiq
concept of a multiple frequency transducer is illus-
trated in Figure 7, where we compare the images of a In order to design an ultrasonic transducer with
pediatric heart from a dual frequency transducer broad bandwidth response, we have to satisfy the

operating at 5.5 and 7.5 MHz. The concept of multiple following two criteria:
frequency transducers have a major impact in trans-
esophageal echocardiography, where the transducer 1. Effectively couple electrical energy from the

attached to a gastroscope is positioned in the driving electronics to the transducer acros the
esophagus for imaging the heart. It becomes extremely frequency range of interest. This is referred to as
inconvenient to replace the transducer to obtain a electrical impedance matching.
better resolution or a deeper penetration. A broad
bandwidth transducer can also be operated in a broad 2. Effectively couple acoustic energy from the
band transmitting mode associated with a sliding transducer to the load and back across the frequency
filter on receive to optimize the resolution and range of interest. This is referred to as acoustic
penetration in one image. impedance matching.

For electrical impedance matching, it is ideal to
5. Broad bandwidth also lets us perform 20 have the transducer (acoustically loaded on the front

imaging at a higher frequency and perform Doppler mode face) to exhibit 50 Ohm as the real part and zero Ohm
and color mapping for blood flow velocities at lower as the imaginary part of impedance. For acoustic
frequencies for better penetration and detecting wider impedance matching, it is ideal to use a piezoelectric
range of blood flow velocities, material with an acoustic impedance of 1.5 MRayl.
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Acoustic Impedance Matching Real Imagiary

The piezoelectric materials most commonly used in Relativeimpedance
transducers for medical imaging are soft piezo-
electrics such as PZT-5A and PZT-5H. Acoustic
impedance of PZls vary from 30 to 36 MRayl depending
on the composition and geometry of array elements. + .e
Acoustic impedance of PZT is relatively large compared - ,,- -

to that of the human body (1.5 MRayl). If we try to - -

couple the acoustic energy from an air-backed PZT to
the human body, large acoustic impedance mismatch -,,, -
leads to pulse response with long ringdown as shown in -ve -

Figure 8a. This transducer structure will have good -

sensitivity at the cost of poor resolution. To
improve the axial resolution, we can provide PZT with t
an acoustically matched backing material. This Frequency In MHz
results in an extremely short pulse length at the Impedane ZMR+X
expense of sensitivity (Figure 8b). We can lower the
backing impedance and provide a front matching layer Z Inversely proportional to frequency,
to improve both pulse length and sensitivity (Figure dielectric constant, area. backlng Impedance
8c). The matching layer could be one or more in
number or a single layer with graded acoustic Figure 9: Real and Imaginary Part of Impedance of a
impedance. Thus, the acoustic impedance matching is Transducer Element
tailoring of the pulse-echo response by optimizing the
backing and front matching layer(s) impedances
relative to that of the piezoelectric material. The It is evident from this analysis that an appro-
transducers are also provided with a lens material in priate material choice for one type of tran-zcrfr
front of the matching layer(s) to collimate the element operating at a particular frequency may rot be
ultrasound beam at a specified distance. appropriate for another type. In designing phased

array elements, we are faced with the task of looking
for high dielectric constant material to lower the

8 B electrical impedance. On the contrary, for a single
AAA element transducer, we have to choose materials with

SLlower dielectric constant to increase the electricai
C Bimpedance. The material criteria might be quite

unique in designing an intravascular transducer
operating at 30 MHz.

8b ...-•" One more factor that needs to be considered in
designing a transducer is the attachment of approxi-
mately 2 meter long cable for each transducer element.
In special instances such as a transesophageal
transducer, the cable length is approximately 4

h meters. In general practice, an electrical matching
Sanetwork is connected either at the beginning or at the
Cc end of the cable to minimize the magnitude and

IL-T-. Tim- * .m, variation of imaginary part of impedance.

Table I compares the relevant properties of
Figure 8: Transducer Design piezoelectric ceramics, PVDF based copolymers, and

ceramic-polymer composites. Next to the properties of
Electrical Impedance Matchinq PZT ceramic and polymer are positive and negative

signs indicating the advantages and limitations,
Real and imaginary part of impedance of a trans- respectively, of the corresponding properties. The

ducer element loaded on the front side with water (Z ceramic piezoelectrics are most commonly used because
of water = 1.5 MRayl is similar to biological they offer relatively high electromechanical coupling,
materials) is shown in Figure 9. Contrary to the wide range of dielectric constant, and low dielectric
ideal solution for electrical impedance matching, both loss factor. Polymer piezoelectrics offer desirably
the real and imaginary part vary as a function of low acoustic impedance and reasonable coupling.
frequency. The peak value and variation of impedance However, several limitations such as extremely low
as a function of frequency are inversely proportional dielectric constant and relatively large dielectric
to frequency, dielectric constant of the piezoelectric loss at high frequencies restrain their extensive use
material and area of the element. Acoustic impedance in ultrasonic imaging transdu-ers. It is clear from
of piezoelectric material and the matching layer the table that ceramic-polymer composites exhibit
design also influences the electrical impedance. properties which are a good combination of ceramic and

polymer piezoelectrics. A detailed analysis of the
composite materials and their advantages in ultrasonic
imaging transducers are presented in excellent reviews
[2, 3].
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Table 1: Comparison of Material Parameters for
Piezoelectric Ceramic, Polymer, and Composites

PARAMETE MRU PtMR COMPOSIE
Acousti Imp 30 4.3 I) 10 (can be tailored)

Mrayle

Coupling facto .50 - .70 (+W 0.1-0.3(-) 0.5-0.7

Spurious Modes many ( weak W* weak

Dile~ctric Cont. 200-500041) 6-10 (-) prop~orloln
I to vol% PiT

tn m o0.0125 (-) 0.1 (+) 0.06

t0n A a 0.02(+) 0.25(-) 0.02
_ ____ ICeramic Element

Cost A Eta* ha +I Ueaemduof Fabrication t p me-ium

Figure 10 compares pulse-echo response of one of
the rings of an annular array fabricated using a PZT
ceramic and PZT ceramic-polymer composites. The pulse
length of the composite array element is shorter by
approximately one wavelength. The 6dB bandwidth of
the spectral response of a composite element is in
,-cess of 70% (Figure ii). lhe composite array in
this illustration is an example of optimum electrical
and acoustic impedance matching. In an annular array,
electrical impedance matching can be achieved because
of a relatively large area of individual elements.

Composite Element

. * Figure 11: Comparison of Spectral Responses of an
Annular Array Element Fabricated Using a Ceramic and a

5. 1 !, 1-3 Composite Element

For accomplishing electrical impedance matching,
three main approaches are taken:

1. Materials with high dielectric constant - this
is a materials science approach. In the beginning,
PZT-5A with low frequency dielectric constant of 1800
was the material of choice for most array elements.
For phased arrays, the element widths are narrow and
require higher dielectric constant material such as
PZT-SH. In PZT-5H, the dielectric constant at room
temperature is raised to approximately 3200 by

Ceramic Element lowering the curie temperature close to 2000 C. There
are many compositions in the modified lead nickel
niobate family with lower curie temperature where the
room temperature dielectric constant is above 6000
[4]. However, the main concern in using these
piezoelectrics is their susceptibility tz dcpoli'ig at
elevated temperatures used in processes during the
fabrication of a transducer. It is also required that
the transducer not deteriorate under extreme
temperature fluctuation experienced during shipping or
storage. Ferroelectric relaxor materials which have
dielectric constant maxima of up to 30,000 near room
temperature appear to be excellent candidates for tiny
transducer elements [5]. However, the sensitivity of
dielectric constant in these materials to temperature,
frequency, and dc bias, are major limitations.

2. Multi-layer ceramic material - this is a
materials engineering approach to increase theComposite Element effective dielectric constant [6]. The multi-layer

configuration is widely employed in the capacitorFigure 10: Comparison of Pulse-Echo Responses of an industry. It employs two or more ceramic layers with
Annular Array Element Fabricated Using a Ceramic and a electrodes in between connected acoustically in

1-3 Composite Element series. One set of alternating electrodes are

263



connected to one polarity, and the other set of
alternating electrodes are connected to the opposite
polarity of the signal. Thus, the layers are
connected electrically in parallel. The resonance
frequency of the structure is defined by the total
thickness of the configurations and is independent of
the number of layers. This configuration will
decrease the electrical impedance of the array
elements proportional to the square of the number of
layers in the multi-layer structure.

3. Preamplifier for each transducer element
this is an electrical engineering approach where an
emitter follower is used to transform the high source
impedance of a transducer element to the low output
impedance. This reduces the loading of the impedance
by the long cable and results in a better electrical
matching with the low impedance system in the receive Intergranular Fracture
mode. To improve electrical matching on the transmit,
a transformer could be employed.

Effect of Change in Material Properties

This analysis has showed that piezoelectric
materials with appropriate properties are critical in
designing transducers. It is also the objective of
this paper to emphasize the importance of consistency
in the properties across a sample, from sample to
sample, and from lot to lot. The images are formed by
superposition of responses from a number of elements.
It is critical that all of the elements exhibit
similar characteristics.

Variation in coupling ccnstant and dielectric
constant result in a drift in sensitivity and
bandwidth. Because the ultrasound systems are
approved by FDA, a transducer with sensitivity higher
than the approved limit cannot be used in clinical Transgranular Fracture
applications. Similarly, reduction in sensitivity
might make the diagnosis more difficult.

Figure 12: Intergranular and Transgranular Fracture
Longitudinal velocity of sound in the piezo- in Two Samples of PZT from Separate Lots, Supposedly

electric material influences the center frequency of Equal
the transducer. Since the transducers are low Q
devices, a shift in center frequency by a few
percentages is not a major concern. The variation of
acoustic impedance has a relatively minor influence on
the pulse length.

The mechanical strength has a major impact on the
yield of transducers. Because the wafers go through ,•-•-eawstk,
many operations such as lapping, polishing, dicing and * M.oWh. sh,,s

handling, mechanically weak ceramics result in poor o
yields. The mechanical strength also influences The r
adhesion of conducting films used for electroding. Loss
Although PZT ceramics are relatively easy to rwtIh of
process,small variations in sintering temperatures and . ...
atmosphere control can sometimes lead to dramatic
changes in the microstructure and mechanical behavior.
For example, Figure 12 shows the fractured surfaces of
two different batches of PZT ceramics from the same
vendor. Thus, homogeneity and consistency in dielec-
tric, piezoelectric, and mechanical properties is as
important as obtaining the materials with desired
properties.

Summar Figure 13: Transducer Compromise

Designing a transducer involves many compromises (After J. W. Hunt et. al., IEEE Trans. on Biomedical

[7]. Figure 13 illustrates some of the cyclic Engineering, No. 8, August 1983)

paradoxes that confront a transducer designer.
However, the developments over the past decade of
several different types of composite materials, PVDF
based co-polymers, piezoelectric ceramics with low
transverse coupling and electrostrictive materials
offer opportunities to overcome some of the
compromises.
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PIEZOELECTRIC PROPERTIES OF "d2 i-ZERO", "d 3 3-ZERO" OR

"d,-ZERO" 1-3 OR 2-2 TYPE COMPOSITE CONSISTING OF 0-3

SUBCOMPOSITE OF POLYMER/PbTiOs AND THAT OF POLYMER/PZT.

H. Banno and K. Ogura

NTK Technical Ceramics Division, NGK Spark Plug Co.,Ltd.

14-18 Takatsuji-eho, Nizuho-ku, Nagoya, 467, Japan

Abstract and 2 shown in Fig.l(a) and (b), Banno, I Skinner et

al. 51 and Safari" have derived theoretical equationis

Piezoelectric constants (dS3, d. and d1 ) of 1-3 and for dielectric, elastic and piezoelectric constants.

2-2 composites consisting of 0-3 subcomposite of polymer The equations for piezoelectric d constants in the

/PbTiO, ceramic powder and that of polymer/PZT ceramic case that the elastic constant of phase I is equal to

powder were investigated in order to obtain "d6 1 -zero", that of phase 2 are expressed in the following eqs.

"d,,-zero" or "'%-zero" composite by changing volume (1) and (2) for the 1-3 and 2-2 composites, respecti-

fraction of subcomposites and arranging their polarit- vely.

ies to be opposite each other. The experimental resul- d ='v. 1d + 1v. 2 d (1)

ts were compared with the theoretical ones, and good d = i'v.
2  .Ltd . 2

v.
1  .2d) / ['v.

2 
E + 

2
v-* ' (2)

agreements between experimental and theoretical ones where e =e 3, d is d3 3, d3 , or d.. The notation used

were observed. in the present paper is similar to Newnhams's and

the previous paper's')

Introduction Now let us consider the requirement that the piezo-

electric constants d3L of the composites become zero.

Piezoelectric ceramics with almost zcro kp (i.e. Since d 3,:O in eqs.(1) and (2) for d31 , we obtain for

almost zero d3,) have been obtained in (Pb,Ca)(Ti,W,/z the 1-3 and 2-2 composites respectively as follows;

Co,2)00,1 and (Pb,Sm)(Ti,MnýO,
2
1 Recently, "d3 ,- 'v.'d=s * (I - v).

2
d3  = 0 (3)

zero", "d, 3 -zero" or 'd% -zero" were also obtained in 'v. e .1d•, * (1 - 'v).1 e 2d• d = 0. (4)

0-3 composites, consisting of polymer and ceramic Volume fractions 'v(d 31 ) for the d 3 1 -zero are obta-

powder mixture of PZT and PbTiOs, by applying an app- ined for the 1-3 and 2-2 composites respectively, as

ropriate poling electric field to the prepoled ones follows;

in the reverse direction." 'v(ds,}= I/ •1-(1dsj/
2
d31)3 (5)

In this paper, piezoelectric properties of "d31- lv(ds,)= I/ C1-('d 31 /d3L) (' E/a e )) . (6)

zero", "d 1 3 -zero" or "d.-zero" 1-3 or 2-2 type com- From 0 <'v(d,,)< 1 (and of course 2 E/1e > 0), we

posite consisting of 0-3 subcomposite of polymer/ have

PbTiO, and that of polymer/PZT are reported. ('d 3 , /d 3i)< 0. 
(7)

Next, let us consider the other requirement that the

piezoelectric constant d, of the composites at 'v(ds,)

Theory does not become zero even at the d, 1 -zero volume frac-

tion.

As to 1-3 and 2-2 composites consisting of phases 1 We obtain piezoelectric constant d, of the compo-

CH3080-0-7803-0465-9/92$3.00 ©IEEE 266



and dielectric constants of) 0 composites .j! con
s is ting of pol~mer 50J ~oI) ot !T or P~l,

SONý0.... 50ý01x u ... d. phs

Pz 7.ysr 1 1.16 3 2o? 60A3 ws

iPbTIO, 'pole -4.2 Z5.8a 17.4 05 5 O~se 2
(a) -_) - L _.

(unit) d -10O1C /N

hig. I. Schematic representation of models for (a) 1-3
and Wb 2-2 composites.

composite) were prepared by the method described in

sites at lv~d31), for both the 1-3 and 2-2 composites the previous paper". The volume fraction of ceramic

as follows; powder was 50 percent, and the ceramic powder of soft

d. (tv(dsjJ d ~(Od. /Id. )-(d,1/Id~l) PZT (for the phase 1) and pure PbTi0 3 (for the phase

/ (I -('dvi/'d10)3 (8) 2) with average particle sizes of approximately 3,um

Therefore, we obtain the requirement that the piezo- were used.

electric d, constant of the composite does not become The ceramic powder of PZT or PbTi03 and chioroprene

zero even at the d31-zero volume fractions, as follows; rubber were mixed and rolled down into 1.8am for the

(1d4/1d.) *('d3 ,1/d 31) (9) 1-3 composite, 0.3mm, 0.8mm, 0.9mm 1.2mm and 1.8mm for

As to "d3,-zero', "d.-zero" 1-3 and 2-2 composites, the 2-2 composite, at 40'C by using a hot roller, and

one can obtain d. ('v(d~s)] by substituting d,, for then heated at 170'C for 15mmn. under a pressure of 14

d11t, and dss ('v(d.)) by substituting d, and d3, MPa. A thin coat of conductive rubber was attached on

for di, and d, in the above mentioned equations, res- both major surfaces of the subcomposites (40mm ý40mm ,

pectively. tmm) as electrodes. Then, they were poled at 20'C by

Accordingly, we have the requirments for "d33-zero" applying a DC field of 70kv/cm for 1 hour.

and "db-zero" composites as follows; The specimens were fabricated by joining the two

(1d33/
2
d33)< 0 (10) subcomposites opposing polarity each other so as to

(Id./'d.) 0 (11) form the 1-3 and 2-2 Composites, and their sizes

and (%d/Id.) # (11d3 /2dio)* (Idii/Id3,). (12)

From eq.(12), we have 30 -3

('dsi/ tdss2) *('dsi/ 2 dss) (13) Experimental Theoretical

where the value of (d31/dss) is a kind of piezoele- -d 3 s 0 d~f~v(d-~))

ctric anistoropy of the subcomposite. 20 0 d,('V(dis))

To realize the above-lent lond requirements for the 1
10 d 0

"d,1-zero", dc33-zero" or "dss-zero" composite, the

poling direction and the piezoelectric anisotropy of W.

the subcomposite of phase 1 are necessary to be oppo- 0 ,

site and not equal to those of phase 2, respectively. l

This theory is applicable not only to 1-3 or 2-2

composite/composite-Composite but also 1-3 or 2-2 0v( d~i ) 'v(63) I v(d,

ceramic/ceramic-Composite (for example, PZT ceramic 2iI 1 . I :

/PbTJ03 ceramic 1-3 or 2-2 Composite). 0 0. 0. 06 v .

Exprimnta prcedresFig. 2. Piezoelectric constants (d33, dh and d3, I of
Expeimenal pocedres1-3 composite consisting of 0-3 subcomposite of poly-

mer/PZT (phase 1) and that of polymer/PbTill, (phase 2)
as a function of phase I in the case that a polarity

The subcomposites (phases 1 and 2 of the present of phase I is opposite to that of phase 2.
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were approximately 40m(L) x 4Ouu(W) x 1.8Bam(T). ~3
The volume traction ot phase I was changed from 0/6, Exver Bifeta I Theoretical

to 1/6, 2/6, 1/6. 4/6, 5/6 and 6/6 by area at the 1-3 . s 0 dJ'v(d,)i

composite and by thizkness at the 2-2 composite, res- 2 0*dX~~)
* X d.," V(d.))

pectively.

The piezoelectric d3s constant was measured by a 10

Bert icourt d,, meter manufactured by Channel Products, .-- :

Inc. The piezoelectric d. constant was measured by 0 ..

the method described in the previous paper"'. The .....
d3 i

piezoelectric d,, constant was obtained by the calcu- 8 -10
lation of d3iz(d,-d,3 )/2. NTheoreticalXt

-20

0 0.2 0.4 0.6 0.8 1
Results and discussion

Volune fraction 'v

Table I shows piezoelectric and dielectric constants Fig. . Piezoelectric constants (d,, d. and d3, o

of' the subcomposites (phases I and 2). From the 2-2 composite consisting of 0-3 subcomposite of polk
mer/PZT (phase 1) and that of polymer. PbTiO, (phase 21

values in the Table 1 and eqs. (5) (6) and (8), we ob- as a function of phase I in the case that a polaritý
of phase 1 is apposite to that of phase 2.

tain theoretical values ot the volume fractions for

"d, ,-zero", "d, ,-zero" and "d.-zero" in the tal low-

ing eqs. (14)-(16) for the 1-3 and 2-2 composites Conclusions

Iv0d,)04.37 and 0.57 (14)

'v(d,,,)=0.6l and 0.73 (15)
1) Theoretical values ot volume fractions for "dm1 -

Iv(d.j'0.89 and 0.97 (16)
zero", "d,,-zero" and %d-zero" and piezoelectric

respectively, and theoretical values of the piezoele- constants at the volume fractions were obtained in

ctric constants at the volume fractions, in the follo- 1-3 and 2-2 composites consisting at two subcompo-

wing eqs. )17)-(19) tor the both the 1-3 and 2-2 compo- sites with opposite polarity, ditterent piezoele-

sites. ctric anisotsapy and identical elastic constant.

d. ~v(d31) 10.l1x 10- 1 C/N (17', 2) Goad agreements between the theoretical and

d, P'v0 33))J 5.4X~ 10-1 2C/N (18) experimental results were observed.

d33 ['v(d.)] -11.6 ,,10-12C/N . (19)

Experimental results tar piezoelectric constants of Reterences

the 1-3 and 2-2 composites are shown in Figs.2 and 3,

respectively, where good agreements between experimen- ý1] Y.Yamashita, K.Yakahama, H.Handa and H.Okuma,Jpn.

tal nv"f theoretical results were observed. J.Appl.Phys. 20 Suppl. 20-4, 183(1981).
C2) H.Takeuchi, S.Jyomura, E.Yamamoto and Y.lto, J.

As mentioned above, we obtained the "d31-zero", "d33 Acoust.Soc.Amer. 72, 1114(1982).

-zero" and "d.-zero" composites at the volume trac- [31 H.Banno and K-Ogura, Jpn.J.Appl.Phys. 30 298:

tions expressed in the eqs. (14)-)16). 2050 (1991).
(4) H.Banno, Jpn.J.Appl.Phys. 24 Suppl.24-2, 2050

From eqs.(3) and (4), we obtain (1985).

-d,(/v- 1)(d 160 (20) [5) D.P.Sklnner, R.E. Newnham and L.E.Cross, M¶ater.

-1d (11v- 1) ( d3j /~) (21) Res.Bull. 13, 599(1978).
L 63 A.Satari, Ph.D.Thesls; the Penn. State Univ. pp.

Accordingly, at a volume traction at phase 1, we can 34-48 (1983).

obtain '%,1-zero" composite by controlling the values [7) R. E. Newnham, D. P. Skinner and L. E. Cross, Mater.

af Id,, and/ar Id,, (tor example, by controlling the Res.Bull. , 13, 525(1978)

the poling electric field or by applying a reverse pa- (81 H.Banno, K.Ogura, H.Sabue and H.Ohya: Jpn.J.

ling field to the prepoled subcomposites). Appl.Phys.26 (1987) Suppl. 26-1, pp.153-iSS.
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PIEZOELECTRIC PZT TUBES AND FIBERS FOR PASSIVE
VIBRATIONAL DAMPING

S. Yoshikawa, U. Selvaraj, K.G. Brooks, and S.K. Kurtz
Materials Research Laboratory

The Pennsylvania State University, University Park, Pennsylvania 16802

Obstract: Passive vibrational damping was demonstrated in 10 min. The coupling constant, k33, calculated from the resonance
iiezoelectric lead-zirconium 'ý..ciate (PZT) tubes incorporated into a frequency, for a poled tube was 0.66.
tard epoxy matrix. For a riled tube, the coupling constant, k33
neasured from the rte•,.ance frequency, was about 0.66. Sol-gel Fine silver wires were attached to the silver electrodes using
nethods were u- ! to fabricate piezoelectric fibers of a silver epoxy and cured at room temperature. A two-tube module
Nb(Zro.5 2TiO.4 0O 3, and niobium and CdBO 3 substituted PZT. constructed according to the above procedure is shown in Figure 1.
"Zontinuous and fine gel fibers of about 5 to 100 prm in diameter A hard epoxy was applied to the two-tube module, leaving the silver
were piepared by extruding and drawing spinnable-viscous resins wires outside the module for connecting to the external resistor, and
ýhruugh a spinneret. These fibers fired at 600°C for I h exhibited keeping the hollow parts of the tubes without filling with any epoxy.
well-crystallized perovskite phases of PZT. Fibers fired between The epoxy was cured at room temperature for 24 h, and then heat-
7000 and 1250'C were dense with varying grain sizes (0.1 to 5 pm). treated at ~65 0C for 45 min.
The dielectric constant of Pb(Zr0 .52Ti0.48)O 3 fiber fired at 700°C for
I h was about 800. These fibers will be incorporated into structural The damping measurement was performed by exciting the
materials to obtain maximum damping properties. middle portion of the sample. The intensities of resonance peaks

were measured, while varying external resistance. Figure I shows
1. Introduction the damping circuit with external resistors. The variation of

mechanical loss factor with external resistance for the two-tube
In recent years, there has been growing interest, among module is shown in Figure 2. The mechanical loss tangent,

researchers in various fields, to minimize and control vibration in calculated from the resonance frequency (3500 to 4000 Hz) arises
machines and devices. Vibration can be significantly reduced by from the bending vibration of the sample. From the peak of
increasing the damping of the dominant modes of vibrations through mechanical loss tangent, it was found that the maximum
passive and active damping mechanisms. In active vibrational piezoelectric damping was achieved for an external resistance of
damping devices, the vibration is minimized by using a certain active -8 Mfl.
elements such as actuators that alter the dynamic response of the
structure. These devices, however, require the use of special
hardware and real-time control-design algorithms for individual
structural elements. The active vibrational damping system is PZT
therefore complicated and is still in its developmental stages. By
contrast, in passive vibrational damping devices, vibrational energy
is dissipated through the added external damping media such as ___-

isolation- or constrained-viscoelastic layers. These devices are
simple and offer a reliable solution for vibrational suppression over
a limited range of frequency. A more realistic future damping control
device is likely to have a balanced combination of both active and
passive systems.

For passive and active damping applications, piezoelectric
ceramics with large electromechanical coupling coefficients (kij) are
potential candidates (1,21. Based on theoretical and experimental
studies [ 1,21, it has been established that piezoelectric ceramics can Figure I Schematic diagram of the poling configuration and
provide a large mechanical loss factor and thus can be effective in Fematiciram of the poling conuria
passive damping. Until now, however, it is not apparent that how resistive circuit for the two-tube module.
and in what forms these piezoelectric ceramics have to be
incorporated into structural materials in order to achieve maximum
damping. Hence, our goal is to develop methods that allow an 0.10 1 ! I I I I I I I I I
effective piezoelectric-passive damping in large structural materials. 0.09 .-'-

The first section of the paper describes the incorporation of 'a 0.08 -0
commercially available fine PZT tubes in a relatively hard polymer c /
matrix. The PZT tube-polymer configuration (1-3 composite) is *- 07-
such that maximum electromechanical coupling and hence an 0.06 - z
effective damping is achieved for optimum external resistance. The . 0.05 o / '
second section deals with the sol-gel processing of continuous PZT " r_, L
and modified PZT fibers, which would be incorporated into the 8 0.04 0 --
polymer matrix in the future. "53 0.0-3---"--"-''" •

2. PZT/Polvmer Composites 0.02
0.01-

Piezoelectric-ceramic tubes (PZT-5H) obtained from Morgan 0.00F I I I I I I I I I I
Matroc, Inc. were used to sta the passive vibrational damping.
ThedimensionsofthesetubesN,-re: l.28mmouterdiameter, 0.81 2 4 6 8 10 12 14 16 18 20 22 C
mm inside diameter and 10 cm length. In order to obtain maximum R (MO)
k33 from these tubes, 10 circumferential silver/glass electrodes of I
mm in width and I cm apart were applied to each tube. These tubes Figure 2 Mechanical loss tangent as a function of external
were then fired at 800°C for 30 min. After firing, they were resistance for the two-tube module.
individually poled with an applied field of - 10 kV/cm at 80°C for

C113080-0-7903-0465-9/92$3.00 ©IEEE 269



I. Sol-Gel Fabrication of Continuous PZT and modifled
PZT FbersLead acetate trihydrate in

From practical viewpoint, incorporation of 1.28 mm 2-methoxyethanol
jameter piezoeloctric-ceramic tubes into structural materials leads to
sany problems of feasibijities. Hence, efforts were directed towards Distill off water and
roducing fine piezoelectric-ceramic fibers, which can be easily redilute with solvent.
mbedded into various types of structural materials, like glass-fiber Repeat 3 times
einforced plastics.

In Pb(Zr 5,Tit.0)O3, compositions close to the morphotropic- Anhydrous lead
'hase boundary (x - 0.52 to 55), exhibit high dielectric constants, Solutionf
nd electromechanical coupling coefficients [31. Addition of a few
-ercentages of niobium enhances the dielectric and piezoelectric
'roperties of PZT ceramics. Sol-gel processing of PZT fibers has[Add stoichiometric quantity
ýained much interest because of its simplicity, low processing A oico eic ntity
tmperature, chemical homogeneity and stoichiometry control and irn n-toxide
he ability to produce fibers of uniform microstructure [4,51. Reflux at 125°C
kccurately-controlled microstructures and special shaping by for 6 rgo
hemical processes like sol-gel technique are essential for obtaining for 6 h in argon
lense PZT ceramics for high-performance applications. The sol-gel Add stoichio/etric quantity of
eramic materials of PZT and modified PZT in the fibrous form may titanium isopropoxide, niobium
xhibit increased response in small scale devices. Because of the
'olatility of lead at processing temperatures, PZT fibers cannot be ethoxide, cadmium acetate hydrate
abricated by the melt process in the same way as silica fibers. PZT and boron methoxide
ibers have been prepared using a variety of precursors [6,71. In
his paper, we report the fabrication of continuous Reflux at 125'C
1b(Zro.5 2TiO.4 8)0 3, and niobium and CdBO 3 substituted PZT for 6 h in argon
Pbo.988(Zro.5 2Tio. 48)O.9 76Nbo.0 240 3 and [97% Pb(ZrO 52Ti0*48)0 3  PZT, and niobium and cadmium
.3% CdBO3 1] fibers. Different firiig 'chedules were followed in

order to obtain fibers with varying giain sizes. borate substituted PZT

Prearatn o Viscous Resins for Fiber Drawing: precursor solutions I
rPartially hydrolyze and

The scheme for the preparation of spinnable-viscous resins Iconcentrate at 120TC
of PZT, and niobium and CdBO 3 substituted PZT is outlined in fwith continuous stirring
Figure 3. Lead acetate trihydrate [Pb(CH 3COO)2.3H20O, zirconium
n-butoxide, [Zr(OBu) 41 80% solution in 1-butanol, titanium Spinnable PZT, and niobium
isopropoxide [Ti(OPri)4], niobium ethoxide [Nb(OC 2H5)51, [and cadmium borate substituted
cadmium acetate hydrate [Cd(CH 3COO) 2 .xH-,Oj and boron PZTviscous
methoxide [B(OCH 3)31 obtained from Aldrich Chemical Company
were used as the starting materials. Lead acetate trihydmte dissolved
in 2-methoxyethanol was distilled off three times. A stoichiometric Figure 3 Scheme for the preparation of the spinnable
quantity of Zr(OBu) 4 was added to the lead solution and refluxed at PZT, and niobium and cadmium borate
125'C for -6 h. Ti(OPri)4, Nb(OC 21t 5 )5, Cd(CH 3COO) 2.xH 20 substituted PZT viscous resins.
and B(OCH 3)3 were then added to the Pb-Zr solution and again
refluxed at 125°C for -6 h to form the precursor solutions of PZT,
and niobium and CdBO 3 substituted PZT. A solution of I ml of 210T rapid thermal annealer. These fibers were supported on a 4"
water and I ml of conc. 11 N 0 - diluted in 25 ml of 2- Si wafer coated with Platinum. Before each run the system chamber
methoxyethanol was added to a vigorously stirred precursor solution was purged with high-purity oxygen. Typical run conditions were:
of 0.2 M P7T or niobium or CdBO 3 substituted PZT. The solution i) a 10 s ramp to 700 °C, ii) hold at 700 'C for 10 s, and iii) cooled
was concentrated by stirring at - 120*C, and then cooled to -40*C down to room temperature. No apparent reaction occurred between
to form a viscous resin. As a result of the forgoing treatment the the fiber and the coated Si wafer during the brief RTP anneal.
viscous resin was suitable for extrusion and drawing. The viscosity Characterization:
of the resin in the fiber drawing region was at least 106 mPa.s.

Phase transformations and the weight loss of the gel fibers
Drawing and Final Consolidation: of PZT, and niobium and CdBO 3 substituted PZT obtained from the

spinnable resins were studied using Perkin-Elmer differential
The gel fibers were extruded through a spinneret (e.g., with thermal (Model DTA 1700) and thermogravimetric (Eelta Series

12 holes of 200 pm in diameter) at less than 100 PSI. The complete TGA7) analyzers interfaced with a computerized data acquisition and
fiber drawing, fiber take-up spool and spinneret assemblies are manipulation system. Phases crystallizing in the heat-treated samples
illustrated elsewhere [8]. These fibers were stretched or drawn by were identified using a Scintag (Model DMC 105) diffractomrter
mechanical means to less than 200 pm in diameter. The pulled gel with Ni filtered CuKct radiation. The microstructure and themechnicl mansto esstha 20 pmin iamter Th puledgel diameter of the heat-treated fibers were studied by a scanning

fibers from the spinneret were collected on a rotating drum with a e tero f th e heat - d 1i 0, Ae ashi bea sch n g
variable-speed control. The drawn gel fibers retained the shape of electron microscope (ISl-DS 130, Akashi Beam Technology
the spinneret because of the cohesiva property of the resins. Corporation, Japan). The dielectric constant of single fiber of PZTwas obtained using a precision capacitance bridge (Model GR 162 1,Because of the viscoelasticity of the resins, the drawn fibers were General Radio, MA). Capacitance was measured using a three-
from approximately 1/20 to 0/3 of the spinneret nozzle diameter. terminal shielded measurement at I kHz. The test fixture capacitance
The fibers obtained were of the order of 5 to 100 pm in diameter. was compensated by open-circuit subtraction. Fibers of I to 2 mm

in length were attached to sputtered gold electrode pads using a
Rapid Thermal Processing: silver paint.

Niobium substituted PZT fibers preheated at 400°C for 12 h The spun gel fibers were dried at room temperature and
were annealed by a rapid thermal process (RTP) in a Heat Pulse heated to 400°C at a heating rate of l°C/min to eliminate organic
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const;tuents and most of the residual -arbon. Figure 4 shows DTA
and TGA curves for PZT fibrous gel previously heat treated at 0 a Pb(Zro.5 2 T 0 .4 8 )0 3
400'C for 24 h. The pre-heated PZT gel exhibited a weight loss of "

-3% in the temperature range of 50' to 700°C. The gel exhibited a 600°C, 4 h
sharp exotherm at 482°C, followed by a shoulder at 530°C in DTA. - -

These peaks can be attributed to the crystallization of a pyroch!ore O 0 i
phase and its conversion into a pcrovskite PZT. XRD results of ii .0., _
the fibrous PZT gel heat treated at 500'C for different durations •
indicated the formation of pyrochlore and perovskite phases, . ..___ __ _ _ - _ _ _ _

while heat treatment at 600'C resulted in only the perovskite phase Perovskito
(Figure 5). g 5 o Pyrochlore 5000C, 4 h

0 a 0 a

U0

482 1"100
482 a 500 -C, I h

zo 30 4.500 695
X

: :t t, 

ý 
- C IL 

I l t l

70 90 0 2 a 30 40 50 60
TScanning electron microscope (SEM) pictures of PZT, and

noimadCdBO 3 substituted PZT fibers heat treated at 700 °C for
Ihadetched with !% H-CI are shown in Figures 6(a & b), (c & d)Figure 4 DTA and TGA curves for the fibrous PZT gel pre- and (e & f) respectively. Under higher magnification, PZT and

niobium"anr2CdBoimsubstituted PZT fibers showed fine grains of 0.10 to

0.2 pm (Figures 6(b) and 6(d)). Addition of CdBO3 to PZT resulted

(e)

5 25 inlOw

. . (b) , , t' -- M

IlPm ,, Ip~m 4IL• 1," Ipmn , , •

Figure 6 (a) & (b), (c) & (d) and (e) & (1) are respectively the low- and high-magnification n crographs of
PZT, niobium and CdBO 3 substituted PZT fibers heat-treated at 700oC for I h.
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in laiger grains (-0. 1 to 0.35 pmn) I-or fibeis annealed at 700'C for I ()=1
h (Figure 6(f)). Figure 7 shows tac SFNt micrographs of niobium ()
substituted PIT fibers fired at 700'C for 10 s by the RTP
(-'4100'C,/m in). Trhis resuIlted in a denscr fiber Awith moic uni form

microstructure (grain size -~0. 1 pm) compared to thie one fired at a
heating rate of V"C/ min (Figures 6(b)). PZT fibers were also fired
at 1250'C for 0.2 h in a closed lead oxide atmosphere. Lead
zirconate powder "~as used as the source to create lead oxide
atmosphere. SLNI inictographs of these fibers ( Figure 8) show that

they are dens.e and possess graiins of about 015 to 5 pmn 25 pm i ltr

FigurL 8 (10)& (b) al,]tc) k~i 11 11-C 11 kte.A and
hi~h-fijagtiifition miroiah r of PIT aa I (dB03
substituted P/Ifib-ms lcaticiatd dl 12 O-V for 0.2 h

about 0.5 to 5 pmo " cr olrt.ihiije on fit n,, the I ibeis ii, a closed LIvd
oxide atnmosphere at 125o'kt for j. 2 I, tlic roomn t Lnperature
dielectric constant of the PZI 1-7uet fir .1 .o 7)00'( for I h '% as about
800.
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PIEZOELECTRIC RESPONSE OF PRECISELY POLED PVDF TO SHOCK COMPRESSION
GREATER THAN 10 GPa

F. BAUER*. R.A. GRAHAM**, M.U. ANDERSON", H. LEFEBVRE*,
L.M. LEE*** and R.P. REED**

"Institut franco-allemand de Recherches, 68301 SAINT LOUIS, France
Sandia National Laboratories, Albuquerque, NM 87185

Ktech Corporation, Albuquerque, NM 87110

Abstragt 2. Background

Prior work has shown that the piezoelectric response of The PVDF material of the present report is the same
shock-compressed PVDF film prepared with attention to standardized Bauer film used tbr earlier studies by the authors
mechanical and electrical processing exhibits precise, [2-81. Each piezoelectric element is prepared with precisely
well-defined, reproducible behavior to 10 GPa. Higher pressure controlled mechanical and electrical processing, and is furnished
response continues to pressures approaching 50 GPa, and appears with measured electrical properties including a ferroelectric
to provide a basis for a very high pressure stress-rate gauge. hysteresis loop which provides a sensitive measure of all the
Previous work shows that differences in response were sometimes physical properties. Active area, displacement current (Figure 1)
observed. The present report desci' es studies in progress and remanent polarization (Figure 2) are given for each PVDF
undertaken to increase the precision uj the polarization of the gauge.
PVDF and to develop optimum sensors ard shock gauge package
designs. Results obtained on such careful prepared PVDF shock
gauges show that differences in electrical charge response less * -..
than few percent are observed between 10 and 25 GPa. " MAX

1. Introduction

The progress of shock-compression science has been
strongly influenced by the time resolution of instrumentation
systems used to study the response of condensed-matter samples.
Historically, the progression of improved time resolution of
measurement has followed a pattern from discrete
displacement-time (pins), to continuous displacement-time
(optics), to direct stress- or particle velocity-time(quartz or
VISAR); i.e. a progression of direct measurement of higher
kinematic derivatives.

In 1981 Bauer [I] called attention to the strong, and well Figure 1: Displacement Current versus voltage for a
characterized electrical signals observed from shock-compressed, F ize precisp oled ct, gauge.
piezoelectric films of the polymer PVDF. In the intervening standardized, precisely poled PVDF gauge.
period there has been a continuing effort from the authors to
develop a high quality, reproducible sensor material, and to
determine its physical characteristics under high pressure shock
compression. It is now apparent that such a material is useful in
time-resolved, stress-rate gauges from 10 MPa to 10 GPa with
response characteristics not available with any other existing
gauge [2].

At pressures greater than 10 GPa, well-defined signals are 9V
observed, but the usefulness as a gauge was hampered by reports
of differences in responses by various investigators. At these high
pressures a number of distinctive conditions exist compared to
lower pressure. Accordingly, the present work is in progress to
define the physical processes which might lead to consistent
behavior of shock-compressed PVDF films and to develop sensor
packages which control the high pressure response problems. '__.

In the present report, background information will be
presented on the PVDF material and its response characteristics. Figure 2: Hysteresis curve for a standard PVDF gauge.
Following this information, some of the problems and conditions
unique to high pressure experiments will be outlined.
Experimental studies on precisely poled PVDF will then be
presented. Finally, the status of high pressure response work will At Sandia National Laboratories the principal experimental tool
be assessed. used to study the shock response is the compressed-gas gun which
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subjects the piezoelectric samples to precise, controlled shock 3.2 Electronic circuits
loading with impactors and targets of well-defined standard
materials to control the stress input. Impact velocities are The currents achieved under the high-pressure highly
measured to accuracies and precisions of 0.1 %. planar loading are large (tens of amperes) and the peak values

At the Institute of Saint-Louis, the experimental measures may be achieved in times of a few nanoseconds. Thus, the rates
of electrical response of shock compressed PVDF film are carried of change of current are very large (10" amperes per second).
out on a new impact-loading facility which is a powder gun 20 Very small amounts of inductance in the vicinity of the gauge will
mm in diameter. The accuracy and precision are about 0.3%. lead to inductive ringing under these conditions.

In both laboratories, low loss coaxial cables and I GHz The current densities in the sputtered leads to the gauge
digitizers provide the high-frequency recording capability required are in the range of 10' to 10' amperes/cm2 . Such current densities
to properly interpret the sensor responses. The responses are are sufficiently large that there is concern for increases in lead
measured in the "current mode" to provide both a simple circuit resistance.
and the most revealing electrical behavior.

Previous observations of the PVDF piezoelectric charge 3.3 Changes in PVDF sensor material
response data to 50 GPa (Figure 3) show significant deviations
from idealized, continuous behavior between about 12 and 20 There are potentially a number of both stress-induced and
GPa. These differences were observed for both sapphire and electric-field-induced effects which can act to alter sensor
copper standard impactors. Above about 16 GPa, the observed behavior at high pressure.
behavior appears to follow a well-defined relationship, but more
scatter is observed than at pressures less than 10 GPa. 3.4 Gauge package

As indicated in Figure 3, various PVDF film materials
have been investigated and the difference in response does not The typical PVDF gauge package configuration consists of
appear to be related to the starting film. insulating film of Teflon on both sides of the 25 micron PVDF

elements. Both electrical conductivity in the insulating film and
a- mechanical loading history may affect the gauge response.

7- 4. Experimental

Eo •Based on the consideration aboe, we have investigated the
5- IS- data effect of sensor remanent polarization on gauge response and have

o4- .0 . 3*m, tie ore" investigated methods of controlling inductive effects in the sensor

W - Sandia data electrode design.
M 3 - "Amianiai Our program involves the study of the shock compression

U29/ X .E-tnati.a response of the standardized gauge elements (Figure 4) under

1 prototp controlled impact loading.
m pyrocoram continuoint

0 i , ,, ,, , I I i t I S I I I II iI i i

0 10 20 30 40 50

STRESS (GPa)

Figure 3: Piezoelectric polarization data for shock-compressed
Bauer PVDF reported in prior work [81 is shown over a wide
stress range. Note the continuous response data obtained with
Pyroceram loading and the scatter in shock response data above
10 GPa.

3. High-pressure response: situation analysis

Given the observations summarized above, it was Figure4: Standardized PVDF shock gauge.
important to seek to identify distinctive features of high-pressure
efforts on PVDF sensors.

A brief review [8] of the effects of shock properties of Impact loading is produced by controlled impact in a
standard materials, electronic circuit, the PVDF material and the powder gun (caliber 20 mm) at ISL, or compressed gas gun
gauge package follows. (SNLA). The symmetrical impact of an impactor and target

copper provides the loading. The gauge element is placed on the
impact surface of the target material. The PVDF gauge is

3.1 Standard shock materials insulated on both sides with a Kel-F film of 110 Am in thickness.
Kel-F matches the shock impedance of the PVDF. In this

At pressures above 10 GPa there are no precise standard configuration the initial stress wave produced by impact is that
materials for use in the impact experiment to determine the impact typical of the impact of the copper impactor on the PVDF gauge.
stresses. Sapphire is thought to be elastic to about 15 GPa [8] but This wave then reverberates between the impactor and target until
the degree of elasticity can be questioned. Higher impedance stress is reached equal to that for the standard impactor and
materials such as tungsten carbide do not have precisely known target.
properties and the degree of reproducibility is questionable. Shock pressures are computed with U=3.91 +1.51 up
Copper provides a good standard. (km/s) density 8.924 for copper (U: shock velocity, up particle
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selociry). T[he electrical signal from tile shock contiprcs..cd IPVD1F 4.2 Effects o Jflif~ pp!Liition
gauge is rc:corded in the current morde: lite gauge pro% ides a signral
dependent on the %tress rate called hcre "multiple shock". Upon The effect of rcuattent polarization (standardized at loweCr
integration of the current pulse, the electrical charge versus - pressure studies at 9.1 &C/cni) on sensor response has been
time is obtained, investigated at values of Is 2, 7.5, 8.2 and 9 1 pC/cm2. As shown

Figure 5 gisves an MMIAttpl of tile cLurrent and electrical in Figure 7, impact experiments have been carried out at
charge released versus time for a standardized gauige (shock pressures from 3.4 (iPa to 5.2 (Wa, 9.3 GPa, 12 GPa, 21 GPa
lpresstire: 16.3 (i1a). Hite mtaximna of the current itt) correspond anid 34 (Wa. It is observed that there is a change in behavior at
to shock reverberations within the gauge package. The observed for remanient polarization over 8.5 j.&/ciW in particular for the
waveform show inductive ringing. Nevertheless, the correct 3 x 3 mmn gauges poled at 9.1 pC/cm2 by Nietravib in using the
charge will be obsersed for timie after the ringing subsides, but, IS[ process [5]. It appears (Figure 7) that the gauges are
at best, the ringing beha- tot complicates the data analysis. responding distinctively anid are deviating from the expected

response.

25.6 -1 5.5

r 56 -1.54 ;2'. -~5GP&

C 02

A 7.-4.56

T 26 2

6.88 6.16 02 6.31 0. 41 6. 51

-- current -charge

Fig re 5: Curirent pithsc andi el ctrittcal charge \csucs~ tine for a 2 4 6 81)

g~~ RLV.'A.LNT VI iAii.ATICs (p( 1 1--

lirceisely- 1iohd standard l'V)F gattt'e (Shock pressure 16.3 (;Pa).
'I his standard gauge eXhibits non1-fneglligible in1dUctance due to the FltZUre 71: T[he response data for PVI)F in various states of
spatc in betwe en thle leads. remianent polarization are indicated at varioLus shock stresses. At

los-~er polarizations an approx iratie linear relation is observed.
There appears to lbe change in behavior for the Nietravib standard

41. 1 Ft fcý, is of itduct.tn1cc gauges poled at 9. 1 j&/crW.

Alter many tiialIs over it considerable period of timt e, we
have been Successful in electrically poling the PVDF filmn with a In order ito identify the origlin of the deviations observed
new pirocediire based upJoit the original cyclic poling method blitt (section 2), we subject Careftillý prepared arid poled 3 x 3 mm
with the capability of achiev.ing more flexibility in the electrode PVF)F gauges to shock loading. Such precisely poled gauges are
anid lead design. With the newv procedlure, electrode designs have prepared as follows.
beer) developed and tested. The ideal low inducetise design would - active area A is precisely mecasured:
have leads closely spaced which do not overlap. - the precision of' thre measured remanent polarization is

Figutre os gives an example of' the current arid electrical ehne ytecnrl
charge released versus time for a low inductance gauge poled at n h ehnca lmigtne

thesam leel f tatof stndadue guge Aswe an eepressture during poling. This leads to salue of the
thessarigen lrevlota o ofeve an stihandrie gauge.A e can sedtobteeat displacement current achieved in poling to be equal to 7.6
anlesis. rignur hevdadsic ag atla obte aaA at 0.08 Wi;

analsis.the gatige thickness ranges from 22.5 to 23.5 pum.

16.86 - - r 1.585. Responrse of irecisely poled PV DLPene

I.., The precisely poled PVDI- gauges were subjected to shock
I loadirrg between 10 and 25 (Wa anid have presented following

16.V~__-1.56 characteristics:

211 11' -31 area ranges firoir Q.1 to 9.1 min m2 after poling. Before
n -66~ 45 poling thre area is equal to 8.95 111m

2
.

A c - maximumi val ue of displacement current ransges from 7.5
.41.8 111 Is 2 to 7.7 iAA:

6.6 6o .1 A 6.26 6.31 1.4J 8.51 remanetit polarriatiors is Imetwxeer 9.1I arid 9.2 ~tC/ci 2.
t~.iý 4C

-current - charge It shouild he pointed ouit that these two last values were
measured for 7.7 kV smue wave high \ oltage applied during poling

Figure 6: Cumrrent pulse arid electrical charge of a low inductance at a frequency equal to 0.08 Hi. [he piezoelectric response of
15V1F gauge versus time (shock pressure 13.6 (iPa). such highly precise poled P1VDF gauges rs depicted on Figtire 8.
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8 i6. Discussions. conclusions

PVDF stress rate gauges show continuous response with
6 . high reproducibility to pressure approaching 35 GPa.

,, It appears that low inductance electrode lead designs and
0 reproducible remanent polarization are (significantly) improving

2 . + --5- the precision of the piezoelectric response of the PVDF gauges
3 .6-, 1 3nn , ,,. under shock loading especially for the 3 x 3 mm gauges.

However, more work needs to be completed to develop
-,"* A.. sensors with small active areas (I inin) with the same precision

t '' '"ateri..... in polarization.Control of loading rate to the sensor with thickness of
Soit "hu insulating film appears to offer potential for more reliable

0 40 response.
sinr~s ;4, These results show that selected and precisely poled PVDF

can respond precisely to pressures of 25 (iPa. It appeatrs there is
Figure 8: Piezoelectric polarization data for precisely-poled Bauer considerable potential for use of PVDF gauges in very high

PVDF from 10 MPa to 35 CPa. Data below 10 GPa are from cofe

references 3 and 4. pressure materials investigations. In addition to the precise
control on the value of remnanent polarization, reproducible
behavior of high pressure requires control of the maximumIt is observed that PVDF stress rate gauges show continuous displacement current achieved during poling. The naxiiium

response to pressures approaching 30 GPa. In particular, we do current aseve eure of td e of deformation

not observe deviations in the shock pressure range 10 to 16 GPa. t a rgauge ele entine poling oceds.

The results included copper impactors and targets as well as

tungsten carbide materials. For the last material there are some 7. References
uncertainties on the shock pressure attained (the tungsten carbide
reproducibility is questionable). Nevertheless, the results obtained (1) F. Bauer, "Behavior of Ferroelectric Ceramics and PVF,
and presented on Figure 9 show deviations of less than 2% in Polymers Under Shock Loading," Shock Waves in
charge released, along a fit of the experimental results. Condensed Matter-1981 eds., W.J. Netlis. I_ Seaman and

R.A. Graham (Amer. Inst. Phys. 1982), pp. 251 266.
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NEW EXTREMELY BROADBAND FERROELECTRIC POLYMER ULTRASOUND TRANSDUCERS
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Brookings, SD 57007

Abstract frequency (< 10 MHz) applications [5,6].

Ferroelectric polymers have been widely A recently developed particle analyzer
investigated for use in ultrasound trans- system requires planar through-transmission
ducers for both medical and nondestructive operation in the near field, with ideal
testing (NDT) applications. The low acous- plane wave performance and maximum
tic impedance and high electromechanical bandwidth/sensitivity in the 5-100 MHz
coupling of PVDF copolymers make them well range. Rather than utilize several pair of
suited for the design of ultrasound trans- commercial ceramic transducers, necessary to
ducers with frequency bandwidths that rival cover the frequency range, new ferroelectric
those achieved with other transducer polymer transducers were developed for their
materials. Custom immersible ultrasound superior bandwidth and "clean" plane wave
transducers were recently developed for an performance, despite the higher efficiency
application requiring -6 dB fractional band- (lower insertion loss) of the ceramic
widths in excess of 150%, spanning a fre- transducers. This paper describes the
quency range of approximately 5-100 MHz. transducer requirements, design, construc-
The copolymer transducers were optimally tion, and testing of these new ultrasound
designed for maximum bandwidth and efficien- transducers.
cy for operation in water. The design is
also custom optimized for the specific die- Transducer Requirements
lectric and piezoelectric properties of the
P(VDF-TrFE) copolymer used. This paper The requirements for the new transducers
reviews the design, fabrication, and testing include exceptionally broadband through-
of these new transducers. transmission performance in the 5-100 MHz

range. It was desirable to cover the fre-
Introduction quency range with a minimum number of trans-

ducer pairs. The mathematics utilized in
Ferroelectric polymers continue to play the system's analysis technique requires

an important role in ultrasound transducers undistorted plane wave operation with close
for medical and nondestructive testing (i.e., 0-2") transducer spacings. A large
applications. In general, they are best diameter (0.25-1.2") active area was also
suited for applications which are uniquely desired so that a large cylindrical volume
served by their low cost, high compliance, could be insonified at all frequencies. The
low acoustic impedance, availability in transducers are housed in large diameter
large areas, and broadband performance, precision-ground stainless steel housings,
These unique inherent properties are the as shown in Figure 1, to provide a precise
underlying reasons for their successful use fit to the alignment/positioning hardware of
in commercial products for applications the particle analyzer system.
including acoustic microscopy, invasive
medical ultrasound imaging, and nondestruc-
tive testing [1]. pecision-groundhousing UHF••T•.•connector

Although the piezo polymers have been
widely investigated for "conventional"
immersion probes (i.e., low-frequency planar
devices), because of their low electrome- T
chanical coupling and permittivity, they are 1500'

generally unable to compete with piezo
ceramics unless other physical requirements i
(high-frequency, large area, flexibility, o-nng
etc.) rule out the use of ceramics. a et n u e

Besides their unique material proper- act a vetas1.c00er

ties, research has also shown that planar
ferroelectric polymer ultrasound transducers
can produce plane wave perform-ance in the Fig. 1. Required transducer housing design.
acoustic near field which is superior to
that of piezo ceramics [2-4]. Their low Transducer Design
radial/lateral mode coupling reduces the
effects of edge waves and near field The transducer design is based on high-
distortion which is typical of piezo ceramic activity P(VDF-TrFE) copolymer which has
disc transducers. The low radial mode been specially treated for high electrome-
coupling and high k1 of 1-3 piezo composite chanical coupling. Since the transducers
materials also offer good all-around are of a planar active area design, the high
performance for insertion loss, bandwidth, compliance of the copolymer could be sacri-
and plane wave performance, but the 1-3 ficed for enhanced crystallinity and high
materials are thus far limited to low k,. The typical properties of the copolymer
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materials used for the transducers are 120
summarized in Table 1. 110

Table I. Typical copolymer properties 100 air-loaded copolymer
90

Parameter Typical Values . 80

Electro. coupling, k, 0.3 E 7060
Mechanical Q, (1/tanS1 ) 25 50S50
Dielectric constant, Er 3.5 - 5.01 40

Loss tangent, tanSe 0.10 - 0.151 30 water-loaded transducer

Acoustic imped. (MRayl) 4.3 20
10

Thickness, (im) 10 - 100 20 25 30 35 40 45 50 55 60

Measured at 5-100 MHz. FREQUENCY(MHz)

A half-wave resonator design was select- 10

ed to maximize bandwidth at the expense of 0
efficiency. Half-wave resonance was air-loaded copolymer
achieved by using a lossy low-impedance -10

backing material as shown in Figure 2. -20

copolymer 
-30

_ _ -40

F4 -50

Iossy < -60 water-loaded
.70 transducer

polymeric - matching/ -80 /

backing protective - _o01

layer
20 25 30 35 40 45 50 55 60

>gold electrodes FREQUENCY (MHz)

Fig. 3. Typical input impedance magnitude
and phase spectra for air-loaded
copolymer only, and completed

Fig. 2. Transducer substrate assembly. transducer.

The thickness of the copolymer material Through-Transmission Test Method

was selected for the desired frequency The transducer pairs were tested for
range, while the diameter of the active area their through-transmission performance in
was optimized for maximum power transfer in several different test systems. The trans-
the electronics of the characterization ducers were focussed in a test chamber at
system, using a technique similar to those close spacing in pure water. A network
reported by others [7-9]. The electrome- analyzer was used to acquire the broadband
chanical properties of the copolymer,requredfor he ptiizatonwerechaac- through-transmission voltage transfer
required for the optimization, were charac- function (magnitude and phase) of the trans-
terized using conventional immittance curve ducer pair. This spectrum, which contains
fitting techniques [10-12]. To provide the electrical feed-through and multiple reflec-
necessary wear resistance, and to enhance tion artifacts, is then corrected for the
insertion loss and bandwidth, a polymeric water's attenuation over the particular
quarter-wave matching layer was alsoincorporated in the design as shown in the frequency spectrum and temperature. The

transfer response of the electronics system,
figure. including all cables, adapters, etc., is

also deconvolved from the spectrum. An
The resulting design has provided inverse FFT is then performed so that the

extremely low-Q (m0.6-i.0) broadband time domain response of the transducers can

performance in the particle analyzer system. be observed. The portion corresponding to

The completed transducers show little or no the first arrival acoustic waveform is then
discernible electrically excitable
mechanical resonances in their immittance gated out of this response, eliminating the
spectra, as illustrated in Figure 3. This feed-through and reflection artifacts, and a

spcra s lutrtd nFgue3.Ti forward FFT is applied to compute the
behavior is indicative of a very low-Q trar ftis (ied the the

transducer material which is well-matched to transfer function (i.e., the insertion loss

both its forward and backing acoustic loads, spectrum) for the transducer pair.

The technique has proven particularly
useful for characterizing very high
frequency transducers (i.e., 50-200 MHz)
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where the means tor conventional sinusoidal The low-troquen,-y ['air siuo;s 3 minimum
tone burst measur-,ments become more insertion loss ()t dB, -ith 3 -6 dB
difficult without ephioticated i1nst ruenta- bandwidth of 3.3-25.3 dHZ t Te high-
tion. To verity the accuracy of the -u e
technique at low frequencies, the results loss pai r 2 -6 dB bandwidth of

were correlated with conventional tone burst 8.s-"06.2 wit a -6e ru shidthat

measurements (typically 5-lu cycles) and excellent broadband performance was

showed excellent results in computing the achieved, with -6 de andirdths often

insertion loss spectra. Po verify the e ved i tha- 1 5 da d es ,f een

accuracy of the technique at high frequen- extending more than 1s.e5 do.oes of frequen-

cies, the ttansduce-ro; were usedi to measure cy. The minimi-um insertion lcesýses ranged
cies, the traenscer attenuatin uspectreasurfrom 22 to 35 dB, with center frequencies of
the high-frequency attenuation spectra of 15-90 MHz. While these inserticn loss
pure water at known temperatures. The values are still high, the transducers have

measurements showed excellent agreement with provided excellent i, toerance and hav-term

the well known absolute attenuation spectra r e deatab l len peot y an a l ong-tem

frwater at zmultiplo transducer spacings repeatability in proto)type analyzer systemsfor wtramutpetasuespcnsover approximately t-.,o years. Improvements

(i.e., from very low to very high levels of in the inserteion ya rs n I . locus, of

attenuation in the .ater path) . The futue i.or t.

measurement technique is carried out under future work.

computer control and, once the transducers Future _Iýe Work
are aligned in the liquid-filled chamber,
requires only seconde to complete. Although the broadband perfourmance of

T hr,%qgh-rnsmi soion__T'est Pesuitis the transducers has been ex>cellent, improve-
ments in the insertion loss ot the trans-

Various tran1suce0r pairs have been ducers would greatly enhance the overall
testedousing btrans er air tone burst capability of the measurement system. While

tested using both conventional tone burst recent works have focussced much attention on
measurements and the prehiously discussed improving the bandwidth performance of
network analyzer tochni que. Examples of ferroelectric polymer ultrasound transducers
typical insertion loss spectra for both high [13-15], little significant vcork has been
and low frequency t.ns+7:irer pairs are shown noted in .or prove."' to their poor
in Figure 4.noe r--,ripve s*"tiroc

efficiency. Continued developments in

-25 ferroelectric polymer film-forming and
processing for enhanced crystallinity (high

(a) kt) will no doubt benefit this work.

-30 Computer simulations also show that further
03 improvements in insertion loss can be gained

S-/ -> for these transducers through novel
O 35 copolymer film/substrate fabricationn -35

techniques which will be e1, pored.

Z fc-- 14.2 MHz \-
0 -40 'conclus ions

-6 dB BW = 3.3 - 25.1 MHz, __ Us_
L• (154% Extremely broadband ferroelectric

0 -45 polymer ultrasound transducers have beenZ
-- j described for a new particle analyzer system

-50...... . based on broadband throuqh--transmission
-50 measurements of acoustic plane waves. The

0 5 10 15 20 25 30 35 basic system requirements, design, fabrica-

FREQUENCY (MHz) tion, and testing of the transducers have
been described. 1he transducers have shown
excellent broadband performance, capable of

-20 extending beyond 1.5 decades of frequency,
(b) with improvements in insertion loss still

-30 . . -- desirable. Improvements in ferroelectric
film-forming techniques and material proper-

V_• ties will further irprove the insertion loss
4 57.5 MHz of the transducers.

1 -50 -6 dB BW 8.5 - 106.5 MHz, Acknowle-dgements
Z (170%')
0 The author wishes to thank Christopher

S-60 P. Guerin, of Elf Atochem Sensors, Inc.
W (Valley Forge, PA), for his excellent fabri-
_) -70 cation skills on the transducers. A debt of70 gratitude is also owed to Joseph Cero, also

of Elf Atochem Sensors, Inc., for his work
-80 and suggestions on the design of the trans-

0 20 40 60 80 100 120 ducer housings. This work was largely
carried out while the author w.,'is with ElfFREQUENCY (MHz) Atochem Sensors.

Fig. 4. Typical measured through-trans-
mission ineertion loss spectra for a
(a) low-frequency, and (b) high-
firequency transducer pair.
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Abstract: The stacked-crystal filter for
use as a bandpass electrical filter with grounded electrode
bandwidth of several percent at HF
frequencies and low insertion loss was first
proposed in the early 1970s. The filter input output
contains two piezoelectric plates signal signal
mechanically attached with a grounded O
electrode along the interface. The
electrical input signal is converted to an
acoustic signal by the input transducer, and input output
the acoustic signal is propagated across the transducer transducer
ground plane to the output transducer which
reconverts the acoustic signal to an
electrical output signal. The concept was
verified experimentally; however the use of
single crystal quartz resonators with gold / / / / /
electrodes limited the filter bandwidths and
power handling capabilities of the original Figure 1. Stacked-crystal filter.
devices. For applications requiring wider
bandwidths and higher RF power levels, other stacked filter. Important acoustic aspects
materials such as PZT piezoceramics may be include the piezoelectric coupling of the
used. Prototype PZT-based stacked acoustic transducýcrs, aceustic attenuation in the
filters exhibiting 30% RF bandwidth, less ground plane, and acoustic impedance matching
than IdB insertion loss, and RF powe• at material interfaces in the stacked filter.
handling capability on the order of 5 W/cm5 All of these parameters are closely
of transducer area have been demonstrated. interrelated. The primary issues involved are

as follows:
Introduction

Filter Charactertistics
The stacked-crystal filter for use as a

simple, robust electrical bandpass filter The stacked acoustic filter is an
with bandwidth of several percent at HF electrical bandpass filter characterized by
frequencies and low insertion loss was first such parameters as center frequency,
proposed in the early 1970s [1-4]. As shown bandwidth, shape factor, insertion loss, out-
in Figure 1, such a filter is simply formed of-band attenuation, input impedance, output
from two piezoelectric plates mechanically impedance, etc. The current work has focused
attached with an electrode along the on achieving the desired center frequency,
interface which is connected to ground. The insertion loss, and out-of-band attenuation,
electrical input signal is converted to an with the other parameters being of somewhat
acoustic signal by the input transducer, and lesser importance.
the acoustic signal is propagated across the
ground plane to the output transducer which Acoustic Wave Propagation
then reconverts the acoustic signal to an
electrical output signal. The concept was The conversion of the electrical input
verified experimentally using single crystal signal to an acoustic wave, its propagation
quartz resonators with thin gold electrodes, through the ground plane, and its
and a design methodology employing equivalent reconversion to an electrical signal must be
electrical circuits was set forth by Ballato done as efficiently as possible in order to
et al. (5]. The use of single crystal quartz minimize dissipation in the filter. Thc
resonators placed distinct limitations on the primary factors affecting the efficiency of
filter bandwidths and power handling acoustic power transmission include the
capabilities of the original devices. piezoelectric coupling of the transducer

material, the bonding of the transducers to
Design Considerations the grcund plane, the acoustic attenuation in

the ground plane, and the acoustic impedance

The application of the stacked-crystal mismatches at the boundaries between the
filter (here denoted stacked acoustic filter various layers in the stack. These factors
since the piezoelectric elements are not are influenced by both materials selection
single-crystal) for wider bandwidths and high and stack configuration.
RF power levels requires consideration of Power Handling Capability
both electrical and acoustic aspects of the
constituent materials and filter structure. The power handling capability of the
Important electrical aspects include the stacked acoustic filter is determined
insertion loss and frequency response of the primarily by the transducer material and the
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transducer to ground plane bonding technique, interconnections. The equivalent circuit
The frequency of operation also plays a role model is able to accommodate arbitrary
in determining power handling capability, materials for transducers, electrodes, and

ground planes as well as the various methods
In order to implement the foregoing for attaching such.

design considerations, the relationships
between the physical properties of the Materials Considerations
constituent materials and the various
electrical and acoustic design parameters The stacked acoustic filter is composed
must be known. These relationships are most of three general components, namely the
clearly modeled by the transmission line piezoelectric transducers, the groung plane,
analogs of Ballato (see Figures 2-4) [6], and the bonding agents joining these two. The
wherein the equivalent electrical circuit material properties of importance differ
corresponding to a layer of an arbitrary slightly for each component type. The
material with a thickness-directed electrical important properties can be summarized as
field exciting acoustic modes with wave follows:
vectors along the thickness direction may be
determined from the physical properties of Piezoelectric Transducers
the material layer. A multi-layer structure
is easily modeled as a cascade of such The maximum achievable bandwidth,
networks with appropriate port electroacoustic efficiency, and power

handling capability of the piezoelectric

transducers is directly proportional to the
piezoelectric coupling factor of the

M• ECN.,ICL S•Mo ,• Itransducer material. This consideration leads

to the use of high coupling lead-zirconate-
SY_*• ;• titanate (PZT) piezoelectric ceramic for the

-•- " .. J transducer material, for which transducer
structures with electroacoustic efficiency
exceeding 90% have been reported.

,•' ' L,,.•Ground Plane

ECT CYSTAL The ground plane must provide a good

POT electrical ground and at the same time not
impede the propagation of the acoustic wave.
The quality of the electrical ground depends
on the conductivity of the material, while
the wave propagation depends on the material
density, wave velocity, and acoustic

attenuation.

[ MECNICAL eC•Ny •TW• ] Bonding Agents

Figure 2. Exact network analog of thickness The primary requirement for the bonding
modes excited by a thickness directed agent is obviously good adhesion between the
electric field in a piezoelectric plate with bonded layers. However, beyond this purely
arbitrary mechanical boundary loadings.

MEDIUM I I INTERFACE NETWORK i MEDIUM 2

______fh +hj E~~~OCR tMTEqFACE j j ~ ~ j

(NETWO(2

01 I .... .I

I JtI 1* I Ii

Y I" I 'I -I * 2

T +Co +C 02

±gure 3. Exact representation of mechanical INPUT OUTPUT

coupling at the interface of two anisotropic Figure 4. Exact analog representation of a
media with plane acoustic wave propagation two-layer stack where one thickness mode in
normal to the boundary. Piezoelectric drive each layer is piezoelectrically driven by a
transformers are omitted for clarity, thickness directed electric field.
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mechanical consideration, the acoustic indium, the indium bond was expected to yield
behavior of the bonding agent is critical to the lowest loss. However, void formation,
obtaining efficient acoustic wave wedging, and non-planarity of the indium bond
propagation. resulted in unexpectedly poor performance of

the indium bond.
Filter Fabrication

Experimental Results
The fabrication of the stacked acoustic

tilter is in general a simple procedure, Analysis of the equivalent eiectrical
although a few pitfalls have been discovered circuit for longitudinal mode propagation in
through experimentation. Early attempts at a three-layer stack with welded contact leads
fabricating the stacked acoustic filters with to the expectation that the passband
"off-the-shelf" components succeeded in transmission efficiency should be maximized
demonstrating acoustic power transmission, when the ground plane thickness is an integer
but with unacceptably high insertion loss. number of half-wavelengths thick ý4]. This
These filters were made with various is readily seen from the equation describing
combinations of ground plane material and the acoustic input impedance Zin of the
thickness, PZT type, and adhesive type. The ground plane,
fabrication procedure entailed cleaning the
components, screen printing adhesive onto the Zt * j Zp tan(kl)
ground plane, clamping the PZT plates to the Zin = Zp
ground plane, curing the adhesive, and Zp * j Zt tan(kl)
attaching electrical leads.

wherein Z , k, and 1 are the acoustic
Several different formulations of impedance, propagation constant, and

various adhesive types were experimented with thickness of the ground plane and Zt is the
initially; a Cu-epoxy, Ag-epoxy, and indium acoustic impedance of the output transducer.
paste were chosen for further experimentation When the ground plane thickness is an integer
based on the preliminary results. The multiple of half-wavelengths, the tangent
various adhesives used in this experiment factors are zero and Zin is just Z Thus
have somewhat different physical properties the acoustic wave can propagate prom the
which result in a number of fabrication- input transducer (also with acoustic
related differetices. First, the Cu-epoxy is impedance Z ) to the output transducer with
difficult to screen print due to its high minimum reflection loss when this condition
viscosity. As a result, the Cu-epoxy cures is met. This was verified experimentally,
into an adhesive layer that is not only and insertion loss less than IdB
thicker than that of the silver and indium corresponding to a power transmission
adhesives but possesses voids and air gaps efficiency of 86% was demonstrated.
between the PZT plate and the ground plane.
Second, the indium paste screen prints well Two types of piezoceramic material were
but due to the solder-like nature of the tested here representing "hard" and "soft"
paste, reflowing procedures produce voids and PZT. The difference which is of note here is
gaps in the adhesive layer. The voids and the order-of-magnitude greater mechanical Q
gaps are probably caused by flux entrapped of the "hard" PZT as compared to the "soft"
between the PZT and the ground plane. Third, PZT. The mechanical Q is the ratio of energy
the Ag-epoxy exhibits excellent screen stored to energy dissipated per vibrational
printability and flows laterally when clamped cycle, and as such the higher Q material
and cured. This results in a very thin and produced lower loss stacked filters.
uniform adhesive layer. In fact, it should
be noted that the Ag-epoxy occasionally The propagation of the acoustic wave
flowed to such an extent that it contacted through the stacked filter depends in part on
the top electrode on the PZT, forming an the type of mode (longitudinal or shear)
electrical short-circuit. A resistor- being used. In the filters being discussed
trimming laser was used to correct such here, only longitudinal modes are employed.
conditions with no noticeable damage being Additional acoustic losses may arise as 1)
done to the filter structure. part of the acoustic wave which is generated

by the input transducer may "leak" laterally
As a measure of the uniformity of the along the ground plane and thereby not arrive

indium and Ag-epoxy adhesive layers, the at the output transducer and 2) friction
deviation between the surface normal of the generated by the atmosphere ("air-loading")
ground plane and the surface normal of the may dampen the acoustic wave. Lateral losses
PZT transducer was measured at each corner on were examtned by fabricating multiple stacked
several samples. The Ag-epoxy was found to filters near each other on a single ground
produce slightly wedged bonding layers albeit plane. No measurable cross-talk (lateral
with good planarity. The indium paste was energy transfer) was observed. "Air-loading"
found to produce bonding layers that are not was examined in a test fixture which had been
only more highly wedged but distinctly non- modififed for connection to a vacuum pump.
planar. Ideally, the stacked structures No changes in insertion loss were observed as
being investigated here should have planar the samples were tested at atmospheric
transducers which propagate plane-waves at pressure and under vacuum.

normal incidence to the ground plane. As
such, the measured wedging and non-planarity The ability of the stacked acoustic
represent sources of acoustic loss in the filter to transmit useful power loads on the
structures as fabricated. order of several watts has been demonstrated

through a series of RF power transmission

tests. Starting from 1mW incident power,
Based on the acoustic impedance and the test procedure involved applying RF power

attenuation of epoxy compared to that of in successively higher levels until seriously
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For quartz cuts, k is approximately 10%
or less. PZT and other piezoceramics have
values of coupling factor that range from 30%
to 70% in most instances. As a rough
rule-of-thumb, one may use the value of k
directly as the fractional bandwidth, except
in those cases where E=Q /r is of the order
unity.

TABLE 1. FRACTIONAL BANDWIDTH, DELTA.

6 (%)
k(%)

E=l 3 10 30 0

10 9.0 11.6 12.4 12.6 12 7
30 27.0 34.9 37.2 37.9 38.2
50 45.0 58.1 62.1 63.1 63.7
70 63.0 81.4 86.9 88.4 89.1
90 91.0 104.6 111.7 113.6 114.6
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REACTIVE COEVAPORATION SYNTHESIS AND
CHARACTERIZATION OF SrTiO 3 - BaTiO 3 THIN FILMS

llitoriut Yamaguchi, Shogo Matsubara, Koichi Takemura and Yuichi Miyasaka
Fundamental Research Laboratories, NEC Corporation,

4-1 1 Mivazaki, Kawasaki 216 Japan.

is shown ill Figure 1. The apparatus consists of a source
Abstract chamber and a deposition chamber, which are separatcd by

a gate valve and are independently evacuated by a
(k~aSr~ 113 tin ihu \~ec pepaed y ractx C diffusion pump and a turbo mlolecular pump, respectiv'ely.

coevaporation on Pd-coatcd sapphire substrates. Ba and Sr
TTwo Knudsen cell (K-cell) are used to evaporate Ba and

metalsp wereorated b) K-cThe illils nd Ti metal was r Sr metal sources and an electron beam gun (E gun) is used
evaporated by an E-gun. ITle f ilms of X(0 to 9() rn

to evaporate Ti metal source. During deposition, tile
thickness were deposited at 500'C and were crystallized in toesaprate Tiume ce. i g der b iton, the
perovskitc phase for thre whole Ba content (x) range. The pressure in the source chamber is lower by one order of

leakage current density of as-deposited films was fairly magnitude than in the deposition chamber. This pressure
large and could be reduced by rapid thermal annealing. , difference is atained not only by the aforementioned

differential pumping system but also by the gettering effectdecreased with increasing the (Ba+Sr)fl'i atomic ratio. The
of active Ti, Sr and Ba atoms. Consequently, the E-gunleakage currcnt chtaracte ristics were improv'ed with

increasing thle (Ba+Sr)/'i atomic ratio. works steadily and the source metals are hardly oxidized.
The evaporation rates of each source are measured

Introduction independently with three quartz crystal monitors, one for

each sources, located above the sources. Single-crystal R-

In recent years, the interest in feriroelectric thin films plane Sapphire ( a -AlIO0(10T2)) coated with a Pd(500 rmu)

has grown rapidly because of their possible application as bottom electrode layer was used as the substrate.

capacitor (dielectrics in memory cells of both nonvolatile After the chambers were pumped down to less than

memories and dynamic random access memories lI X0 7Torr, oxygen gas was introduced toward the substrate

(DRAMs) 1,21. Strontium titanate and (Ba,Sr)TiO 3 are through a stainless steel tube. hi order to oxidize thle films

promising ma',erials for I)RAM application because of their sufficiently during deposition, as much oxygen gas as

high dielectric constant (e,) and chemical stability. Many

deposition techniques such as rf-sputtcring[3 - 61, ion beam SUBSTRATE

sputtering (IBS)[7,81, mnetal-organic chemical vapor TURBO.MOLEULA "

deposition (MOCVD)191 and liquid source chemical vapor PUMP

deposition (L.SCVD){lI0 have been imestigated to prepare _0111

SrTiO 3 and (lBa,Sr)TiO) 3 thin1 film1s.
Reactive coevaporation using metal sources is expected

to present advantages such as flexible composition control,

preparation under high vacuum and plasma free deposition MONTOR

environment. The authors have previously rcported on

reactive coevaporation synhesis SrTi0O thin filhs[l1]. PUMPlO
F, value of 170 was obtained for 75 nrn thick filns.

In this paper, preparation of (Ba.Sr)Ti03 thin filrs by Ti
reactive coevaporation and the film structure and electrical

properties are described.

Sr
Experimental

Pig. 1. Scheniatic dtigramn of' ihe rea•.tive coevaporation system.
A schematic diagram of reactive coevaporation system

C113080-0-7803-0465-9/9253.O0 ©IEEE 285



possible should be introduced. When thle pressure was and therefore rapid thermal annealing (RTA) was carried
higher than 2xlO ( Torr, howcver, thie dcposition rate out after deposition. The RTA temperature was varied from
decreased rapidly and it was difficult to evaporate source 500 to 700 °C, and the RTA time was varied from I to

metals sleadily at higher oxygen pressure. Therefore, the 4 minutes.

appropriate oxygen gas pressure in the deposition chamber r, of dBaSr, )TiO, films, which were annealed by RTA
during deposition was determined to be 2x105 Torr. The at 600'C for 1 minute, depended on the Ba content (x). The
deposition temperature was 500 'C. The temperature of the value of r, was approximately 450 in the range of

K-cells was varied from 320 to 380 'C for Sr anu from
420 to 500 'C for Ba. respectively, In a previous paper on C , -,

Srfi'iOl It1, the authors reported that the evaporation rate ,,__n
f Sr 0. 0'

of Sr �gradally decreased with time even when the K-cell

temperature was kept constant. After 30 minute deposition, ::(

the evaporation rate of Sr became 10% lower than the Co o7;

initial rate. It was found that uniform composition depth -.. x"-
profile could be obtained by controlling the Ti evaporation

rate according to the Sr evaporation rate change. In this x __ -. x0.33

study, evaporation rate of Ba also decreased with time. The W I

decreasing rate of Sr and Ba were almost same. Therefore, - .40

the same composition control technique, which is the I-
control of Ti evaporation rate according to the Sr and Ba Z - , x=0.54

evaporation rate change, was used. Experiment was f I=0.67

performed with thickness in the range of 80 to 90 nm.

(Ba,SrVTiO) deposition rate was estimated to be 2.5 - 4.5 h x=0.78
nt/nlin bv measuring the filn thickness with a surface

profiler (l)EKTAK-3030). F.lectrical properties were . -.. I14.0

measured on a Au(300 nm)/Ti(50 nm)/(Ba,Sr)TiO.3 /Pd(500 20.0 40.0 60.0
nm)/R-sapphire capacitor structure. Capacitance and tan8
were measured in the 100 liz to 10 MIlIz frequency range 26 (degree)
with a H lewlett-Packard 4194A impedance analyzer. Saying

precisely, c. which will be discussed hereafter were
Fig. 2. XRt) patterns of (Ba, Sr1 ,,)TiO 3 thin films t x= (x to 1t0)

calculated from tile capacitance at 10 ktlz, although no kd.posited at 50(1C.
notable frequency dispersion was observed within the

measurement range. leakage current was measured with a

Keithley 617 electrometer/source. Crystal structure was 4.02

studied by X-ray diffraction (XRI)), and film composition
was measured by inductively coupled plasma spectrometry -. 4.00
(ICP). I--- ,

Z 3.98
Results and Discussion "

zO 3.96
The XRD patterns of (BaSrj_)TiO3 thin films (x= 0 0

1.0) are shown in Figure 2. Perovskite crystal structure was .

obtained in the whole Ba content (x) range. It was cubic - BULK

perovskite structure even in the 0.7_<x&l.0 range, where
--3.92

bulk (BaWSrt 5 )TiO3 is known to be tetragonal. The (110)

peak intensity decreased and the (100) intensity increased 3.90 ,
with increasing tile Ba content (x). Lattice constant of the 0 0.2 0.4 0.6 0.8 1

films, which were calculated from the (110) peak location Ba CONTENT (x)

are shown in Figure 3 along with the well-known data on
bulk[ 121. "'lie lattice constant of the films increased with Fig. 3. Lattice constants of (It:aSr ,,)]i( thin fitlms (solid line). and

increasing the Ba content (x). ol ( ta..Sr1 ,)TiO, bulk (broken tine). The values for thin

As-deposited films showed the large leakage current, filiIs were calcu;lateid front the ( t10) peak.
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0.3<x<0.7, and 170 for x=0 (SrTiO 3), and 208 for x=l Figure 6 shows the (Ba+Sr)/Ti atomic ratio (y)
(BaTiO 3). This Ba content(x) dependence of s- was similar dependence of F, for as-deposited and annealed films with
to that for rf-magnetron sputtering and 1BS[6,8]. Ba content (x) of 0.5. E, decreased with increasing y. As-

E. for (Ba0. 5 Sr0 .5)TiO3 films, which were annealed by deposited films with ygl.02 were highly conductive and e,
RTA for 2 minutes, was slightly lower than that annealed could not be measured. On as-deposited films with y>1.02,
for 1 minute, as shown in Figure 4. When the annealing Sr could be measured, but the leakage current was fairly
time was longer than 3 minutes, films were extremely large. No difference could be observed on the XRD
conductive and their surface became rough. This result patterns for the films presented in Figure 6. The leakage
shows that the RTA time should be lower than 2 minutes. current density could be reduced by RTA treatment as
The RTA temperature dependence of E, is shown in Figure shown in Figure 7. 1'hus, RTA was effective to improve
5. The RTA time was 2 minutes. c, did not depend on the the leakage current density.
RTA temperature.

0: AS-DEPOSITED
600 fl: RTA AT 600"C FOR 1 MINUTE

550 n•: RTA AT 600'C FOR 2 MINUTES

Ba CONTENT(x): 0.5 Z
- soo RTA TEMP.: 600°C < 500Z (.--

F- 0
F_450 040

Z Q
0
Z 4 0

40

C ' 300 -

O LEAKY C 200WU 300 -LEAKY
Wj 0 Ba CONTENT(x): 0.5

Ej 250 100.
0.8 0.9 1 1.1 1.2

200 (Ba+Sr)/Ti
2 3 4

RTA TIME (min)
Fig. 6. (Ba+Sr)/Ti atomic ratio dependence of C. for (Ba, 5,Sr(,))Ti0 3

Fig. 4. RTA time dependence of C, for (Ba 0 .5Sr 0.5)TiO 3 films annealed thin films.

at 6001C.

10.2

550 E 10"3

'-- 500
z 10
F- 450 I-Z/ 0 0 Z lO.
z z lo-~O 400 -U AS-DEPOSITED

0 I-- 10.6
Cr 350 Z
H nW
w 10._1 300 -rr C10 1
UJ 3:00 RTA AT 6001C FOR 1 MINUTEwo 0

250 Ba CONTENT(x): 0.5 lO8 Ba CONTENT(x): 0.5
RTA TIME: 2 MINUTES (Ba+Sr)/Ti: 1.12

200 j 10 1
500 600 700 0 1 2 3 4 5 6

RTA TEMP.(°C) VOLTAGE (V)

Fig. 5. RTA temperature dependence of C, for (Bao, 5Sr0 5)TiO3  Fig. 7. Leakage current characteristics of as-deposited and annealed
films. films at 600*C for 1 minute.
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SOL GEL PROCESSING OF THICK PZT FILMS

Guanghua Yi and Michael Sayer
Department cf Physics, Queen's University

Kingston, Ontario, Canada K7L 3N6

Techniques are described for the sol-gel Network Carbonisation Cr-ystallisation
fabrication of ferroelectric PZT films on different Generation Oxidation Annealing
substrates up to 1.5 pm in thickness by a single coating
and up to 8 pm by multiple coating. The objectives of 20*C 285'C 400'C 650oC
additives to control drying and firing will be reviewed.
A mechanical model is presented which guides the Solvent Byproduct
development of such films. Evaporation removal

Introduction siuid-wetg- -ge- amorp-ou crysfal

The metallorganic processing of thin films of
piezoelectrics such as P7. involves the drying and
firing of a metallorganic gel coated on a surface, Figure 2: Stsges of processing a sol gel film
followed by a high temperature anneal to crystallize the
film [1]. Sol gel processes based on alcohol (2] and
water [3] based solvents respectively and metallorganic
decomposition methods for PZT [4,5) have become widely
established. During this process, approximately 70 wtt
of the starting materials are evaporated or calcined
away, and the final ceramic film has to adjust at least Stresses which lead to cracking of the film may occur
to a thermal cycle in which the substrate is cooled from during (i) drying, (ii) firing, (iii) annealing and
the crystallisation temperature to ambient. crystallisation, and (iv) on cool down. It is found that

the most critical time is often in the later stages of
The purpose of this paper is to establish steps (i) and (ii). It will be shown that the

guidelines and procedures to optimise the fabrication of microscopic phenomena which occur during drying and
ZT films >1 pm in thickness on specific substrates. In firing are comparable and lead to a tensile stress in

practice, this concerns whether a single or multiple the film. A model based on elasticity is shown to
coating technioue is used, what is the best tamperature provide guidance for the development of crack-free
schedule for fuiing, and what is the value of additives films.
in controlling the drying and firing of the film. In
principle, the analysis does not directly depend on the
details of the specific metallorganic process employed.

Drying of a Gel Film T i T,

Sol Gel Fabrication Procedures During drying gel films are constrained by the

substrate. In order to avoid cracking, an understanding
After formation of a gel film on a substrate, is required of the interaction between the film and the

commonly used firing schedules are shown in Figure 1. substrate, between the solid network and the liquid,

liquid transport, the forces imposed on the solid
network, and the fracture mechanism of gel films during

T T T drying. It is assumed that on its formation, the solid
T network bonds strongly to the substrate and has its own
T 3 internal rigidity and mechanical properties.

r 2 2 Although the solution commences at atmospheric
2T pressure, as the solution gels, due to chemical and

osmotic effects the pressure of the liquid within the
solid network becomes much higher than the pressure in
the liquid layer that covers the surface of the gel [6].
As the solid network forms it is therefore stretched and

time time expanded due to the high pressure of the liquid.

The microscopic stages of drying a gel are
illustrated schematically in Figures 3(a)-3(d) [1].

(a) (b) Initially the surface is covered with a layer of liquid
as shown in Figure 3(a). This surface is shown as a

Figure 1: Firing schedules for sol gel films reference in subsequent diagrams. The initial polymeric
(a) thin films (<0.3pm) network is highly stretched and expanded by the liquid.
(b) thick films (>lpm) As the liquid phase in the gel is removed, if it is not

constrained the network will spontaneously shrink to

If the film is thin (of final thickness <O.4pm) it is release this tensile stress.

often placed directly on a surface heated to T = 400'C The liquid evaporates from the surface of the gel
until carbonisation and oxidation has occured, and is during drying - Figure 3(b). Since the liquid in a gel
then annealed at a higher temperature. The firing usually shows a very high affinity to the solid network,
schedule is as shown in Fiq.l(a). For films of thickness the liquid wets the solid network and tends to cover all
in the micron range, the firing schedule shown in Figure the gel surface. Therefore, liquid flows from the
1(b) is preferable. The film is initially dried slowly interior of the gel to compensate for liquid evaporated
to about T, = 2850C, then rapidly fired to T = 4000C, from the surface. A pressure gradient is developed
followed by a final anneal at a temperature T3 from 45

0
°C within the liquid due to this flow. The solid network in

to 650°C depending on the material and the substrate. T the surface region, where the pressure of the liquid is
= 285°C corresponds to the decomposition temperature o0 reduced, tends to shrink as a result. However, the
lead acetate, a key ingredient of most sol gel solutions regon is also constrained by the interior part of the
for PZT, while at T, = 400'C most organic components of gel where the pressure of the liquid is not reduced, or
the film will pyrolyse and oxidise leaving an amorphous where forces may be introduced by the suhstrate.
inorganic layer. A rapid temperature rise between T, and Therefore, the solid network in the surface region
T2 is generally of value and carrying out part of the shrinks primarily in the direction normal to the surface
process in a partial vacuum can be of use. The phenomena of the gel with a tensile stress remaining parallel to
which occur during these stages are shown in Figure 2. the sur ace.
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Temperature
.C Gas species

56 water, alcohols

73 water, alcohols,
_ _acetic acid

L 87 water, acetic acid,
alcohols

121 acetic acid, trace water

175 acetic acid, water

255 acetic acid, water

299 acetic acid, CO.

368 CO., trace acetic acid

450 CO_, trace CO

558 CO,

754 trace CO,

Table 1: Thermogravimetric data for acetic acid/water
based sol gel as a function of firing
temperature.

Figure 3: Stages in drying of a gel
(a) Wet film (b) meniscus beginning to The first materials driven off at about 80'C are
penetrate the network (c) outer layer water, alcohols and acetic acid which are the main
shrinkage taking place (d) flaws developing components of the gel liquid. Acetic acid was evolved
from large size pores. between 73*C to 368 C. A weight loss occurred just below

300°C which can be assigned to the decomposition of lead
acetate. Carbon dioxide was initially evolved at a
sample temperature of 299°C, a substantial emission

The vapor/liquid interface now starts to move occurred at 450*C, and trace carbon dioxide was evolved
into the solid network, menisci are formed in the pores even at 750°C. This suggests that carbonaceous material
as shown in Figure 3(c), and these menisci begin to move can be trapped within the film material.
into the interior of the gel. A capillary force will be
imposed on the solid network which will further cause Thus, substantial amounts of material have to be
the network to shrink as the liquid evaporates. The lost from the film by controlled diffusion over a wide
menisci in the bigger pores have a greater radii of range of temperature. This release will reflect the
curvature so that the liquid in the larger pores has bonding of the organic species to the inorganic
greater vapor pressure and therefore evaporates faster. components of the gel. For example, acetic acid is
If the bigger pores are connected with the smaller ones, evolved from the coating in different temperature
the liquid in the bigger pores will also flow to the regions. The acetic acid vaporized in the temperature
smaller pores since the liquid in the smaller pores is region from 70*C to 1200C is free in the solution. As
subject to a greater capillary action. Therefore, the water is lost, more acetate groups are bonded to
menisci in the bigger pores recede farther into the body titanium and zirconium ions. The bonded acetate groups
so that the bigger pores dry much faster as shown in are driven off around 175°C. For thin films, diffusion
Figure 3(d). As the gel shrinks, its stiffness increases is not the limiting factor and desorption is important.
because the solid network is more tightly bound and However, for thick films, the rate at which components
further crosslinking takes place. When the gel is too move is critical. Processing in a reduced partial
stiff to contract under the capillary force, shrinkage pressure of oxygen can first remove the maximum amount
stops. The vapor/liquid interface then moves completely of volatile solvents, and then provide additional
into the solid network and some bigger pores dry fully. control over the way the diffusion constant for various
Since the interior walls of these pores are not subject species in the film change during processing.
to capillary force, while the smaller pores around the
bigger pores may still be filled with liquid this causes In the range of temperature from 220°C to 260°C,
a stress concentration at the bottom of the bigger gel films crack readily. As the volatile components
pores. The dry, larger pores therefore act as vaporize, the films must shrink. However, because it is
microscopic flaws and propagate under the tensile stress constrained by the substrate and by internal parts of
to form cracks, the network, the surface cannot shrink freely and

internal tensile stresses will be created. If these
This mechanism explains why cracks generally cannot be relaxed the film will crack when the internal

appear just when the shrinkage of the gel stops and the tensile stress achieves a critical value.
vapor/liquid interface moves into the network solid
phase, and why gels with different pore sizes have a An intrinsic stress relief mechanism is inherent
greater tendency to crack during drying. The critical to PZT processing. When the gel films are heated to
phenomenon is the increase of the stiffness of the T.=285°C, lead acetate melts and starts to decompose tc
network as it enters its later stages of development. If the more stable lead carbonate. The amount of acetic
the drying rate is high, the pressure gradient between acid driven off increases drastically, carbon dioxide is
the surface and the substrate developed by the evolved, and network movement takes place. However,
evaporation of the liquid is greater and cracks are also part of the shrinkage which takes place arises from
more likely to occur. This is not consistent with continued condensation reactions such as
observation for thin films, and other effects must
compensate. M-OH + HO-M > M-O-M + H20

Firing of Dried Films T,.. L which lead to densification of the solid network. If
this occurs in a non-uniform manner, and particularly in

As the temperature increases, densification, tie surface regions the diffusion constant for organic
pyrolysis and oxidation of the film takes place. For a products from the interior may be reduced and residues
water/acetate based PZT film (3], thermogravimetric can become trapped leading to subsequent pitting or
measurements and studies of the gas species emitted by crack propagation in subsequent thermal cycles. Defects
the film at given temperatures are shown in Table 1. arising from this source are shown in Figure 5.
Significant weight losses occurred at 250°C and at Similarly densification of the surface regions can give
45*c. rise to tensile stresses relative to the substrate.
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The critical thickness is directly proportional to
Since most stress relaxation processes are Young's modulus E and the surface energy per unit area

thermally activated, the stress relaxation time of the r of the film, and is inversely proportional to 02 the
films can be decreased markedly by increasing the square of the internal tensile stress of the film. v is
temperature. It is advantageous to heat the film to the Poisson's Ratio.
temperature of T. as rapidly as possible. The stress
relaxation time is drastically reduced and high internal This expression was checked for alumina. Since all
tensile stress cannot develop. Therefore, a rapid the data for sintered alumina could easily be obtained,
temperature transition from T, to T, is of qualitative a comparison of strength between the film and bulk
importance in the preparation of crack-free films, material of sintered alumina was made. Published data

for sintered alumina gives the critical thickness T =
There is a quantitative comparison between both 0.5 gm, the Young's modulus E = 3.65x102' dynes/cm2 , the

dr in and firing in that tensile stress arises in a surface energy per unit area r = 1000 ergs/cm2 and the
film bonded to a rigid substrate. In order to examine Poisson ratio v = 0.25 [91 . The calculated strength of
the parameters of this system, a macroscopic model for a sintered alumina film with critical thickness on a
crack propagation based on linear elasticity theory has rigid substrate with critical thickness was Co = 750
been developed based on Figure 4. kg/mm2 . This value is more than double the strength of

bulk sintered alumina. This is as expected since a film
bonded on a rigid substrate would show a much higher

Linear Elastic Model for a Sol Gel Film strength than the bulk material due to the interaction
between the film and the substrate.

Qualitative features of this model suggest that
during firing, the dimensions of the substrate should be
as large as possible before gel shrinkage takes place.
When the substrate is cooled, thermal contraction may
then place the film into compression. The firing method
and temperature schedule should reflect these require-
ments. This is consistent with the experimental
observation of the suprising effectiveness of hot plate
heating of sol gel samples, where the substrate is
heated before the film, and of rapid thermal annealing
of silicon where the absorption of heat occurs within
the silicon wafer.

Application to PZT

The incentive for this model was the observation
--------..... .that a gel film can be dried on a substrate, but only if

the thickness of the film is less than a critical
thickness. This shown in Figure 5. The critical
thickness is less than 1 pm for ordinary PZT gel films.

Figure 4: Dried or fired film constrained by a It was also observed that the cracks in a gel film stop
substrate (a) prior to processing (b) after at the edges where the thickness of the film is reduced.
processing.

The substrate is assumed to be a rigid, semi-
infinite body and the bonded film is assumed to be thin
and isotropic and have a constant thickness. The elastic
constants can be clearly defined for fired films and for
the later stages of drying gel coatings. As a result of
shrinkage due either to a process of drying or of
firing, a homogeneous tensile stress is generated in the
film. In the case of gel drying, the magnitude of the
tensile stress will be approximately equal to that of
the pressure of the liquid on the wet gel film.
According to the Griffith criterion for crack
propagation, a microcrack will propagate if the decrease
in elastic strain energy resulting from the propagation
of the crack is greater than the increase in surface
energy due to the increase in the surface area of the
crack [7]. This implies that a critical thickness
exists. The elastic energy released by cracking a film
which is thinner than the critical thickness cannot
compensate for the surface energy created by the
formation of the crack. Therefore, the cracking of the
film is not a thermodynamically favorable process and
the film can be dried or fired without cracking. If the
thickness is larger than the critical thickness, this is
not the case and it is thermodynamically favourable for
cracking to take place.

In the case where no effects of thermal expansion I
of a substrate were included, the stress distribution in
a film segment between two long and parallel cracks and
the elastic energy released by the film segment after
the formation of the cracks was calculated. When cracks
form, the film in the region near the crack is deformed
and the stress distribution in this region will change.
If a tensile stress o , which is exactly equal to the
tensile stress of the film before cracking, is imagined Figure 5: Micrographs of crack propagation in dried
and applied normally to the crack surfaces, it will PZT gel films (a) Films of varying thickness
bring the film segment back to its original form and (b) stress cracks due to included organics
stress state. After appropriate calculations, it can be
shown that the critical thickness T is given by [81

According to the analysis above, the cracking of
a gel film on a rigid substrate depends on the Young's

T=D.83 modulus, the specific surface energy and the internal
a 2 (l+v) yVT tensile stress of the gel film. Qualitative judgements

may be made with respect to PZT.
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In both the dried and fired gels, the Internal can be fully crystallized at 500 C (10), To achieve the
tensile stress has the most significant impact on the same degree of crystallisatiun, PZ7 films on platinum,
film and this should clearly be reduced to avoid ITO or uxides such as RuO, have to be heated to 650'C.
cracking. This may be done by either chemical or Epi!Axial growth has also been achieved using sol gel
physical means, processing. These effects are due to the probability of

heterogeneous nucleation of crystals on a specific
In the case of drying, since the internal tensile substrate. This can be illustrated by reference to

stress of the gel film is produced by the high pressure aluminium. Since aluminum is very active, the surface of
of the liquid in the gel, the probability of cracking an aluminum substrate oxidizes in air to form a layeo, of
can be reduced by decreasinjg this pressure. Chemically alumina.
this can be achieved b reducing the affinity between
the liquid and the solid network and increasing the pore
size. Cracking is reduced by adding long chain alcohols
or polyethylene glycol into the solution. A gel film
formed with a solution containing long chain alcohol or
polyethylene glycol is translucent after drying,
indicating that the pore size is large. Both of the
above compounds act as a poor solvent of the inorganic
polymeric species in the solution. Therefore, the
affinity between the liquid and the solid network isreduced and the structure of the gel film is coarsened.

This reduces the force imposed on the solid network, and
after drying, the gel film will have a lower internal
tensile stress. However, since coarse structures will
require higher firing temperatures and longer annealing
times the microstructure and electrical properties can
be degraded by this route.

Alternative agents such as ethylene glycol and
glycerol can be used. Gel films prepared from solutions
containing glycerol are transparent after drying,

indicating that the pore size of the gel films is very
small or that pores may be totally absent. Fired films
prepared from these solutions are clear and transparent, Figure 6: Scanning electron micrograph of cross-
indicating that the components of the films are sections of PZT film.
homogeneously mixed. Such films prepared can be (a) 1.5 pfm thick prepared in a single coat.
crystallized into the perovskite structure at (b) 7.5 pm thick prepared as 5 coats
temperatures as low as 4500.

The mechanism for the use of ethylene glycol and The PZT nuclei formed on the aluminum substrate
glycerol in precursor, solutions for PZT films is still are stablized by contart with alumina. The critical
under study. They do not increase the viscosity of the radius of the nuclei is not changed, but the required
solution, but may simply act as solvents in the presence number of atoms to form a nucleus is reduced and the
of water. It was also observed that solutions containing probability of crystal embroyos achieving a critical
ethylene glycol and glycerol gel at higher temperatures. radius is increased. Therefore, more nuclei are formed
Since the ethylene glycol and glycerol have more than in films on aluminum than on platinum . Since the
one functional group, they also act as chelating agents overall rate of growth of the crystalline phase depends
to form chelated derivatives with metal complexes as also on the number of particles that are growing films
shown with more nuclei crystallize more rapidly. Str

4
.es of

the growth kinetics of ceramic films are therefore of
importance (12].

0 NCH2

M(OR)n + HO-CH2 -CH,-OH < ------- (RO), 2M + 2ROH Conclusions

0 A microscopic and macroscopic review of the
sources of stress in films during drying and firing

0 CH2  suggest procadures for fabricatino thick PZT films.
I /These include the use of additives such as glycerol to

M(OR)n + HO-CH2 -CH-CH 2 -OH <--> (RO), 2 M &HOH + 2ROH reduce internal stress during firing, and appropriate
I firing schedules to acccmodate the film thickness.

JH 0&

(1] G. Yi and M. Saver, "Sol Gel Processing of Complex
Oxide Films Ceram.Bull., vol 70, pp.1173-1170,

Since the chelated derivatives are more resistant 1991.
to hydrolysis than their counterpart metal complexes, (2] S.K. Dey, D.A. Payne and K.D. Budd, "Thin Film
the formation of the chelated derivatives may be the Ferroelectrics of PZT by Sol-Gel Processing," IEEE
reason why such solutions gel at higher temperatures. Trans.Ultrason.Ferroelectr.Freo.Control, vol 35,

pp.80-81, 1988.
Thermogravimetric studies show that the glycerol [3] G. Yi, Z. Wu and M. Sayer, "Preparation of

probably does not evaporate, but is retained in the Pb(ZrTi)03 Thin Films by Sol Gel Processing:
solid network or in the pores of the gel films and acts Electrical, Optical & Electro-Optic Properties,"
as an organic plasticizer. High tensile stress cannot be J.Appl.Phys., vol 64, pp.2717-2724, 1988.
built up in the gel film and the tendency of the film to (4] R.W. Vest, "Metallo-Organic Decomposition (MOD)
crack during drying and firing is substantially reduced. Processing of Ferroelectric and Electro-Optic
Glycerol and other organics retained in the gel films Films: A Review,' Ferroelectrics, vol 102,
can be carbonized and oxidized by a proper firing pp.53-68, 1990.
procedure. By this method, thick transparent PZT films [5] G.H. Haertling, "PLZT Thin Films Prepared From
up to 2 pm thick at one coating have been made. An Acetate Precursors," Ferroelectrics, vol 116,
example of such a film is shown in Figure 6(a). pp.51-63, 1991.

16] P.J. Flory. Principles of Polymer Chemistry.
The critical thickness is an important parameter Ithaca, N.Y.:Cornell University Press, 1953,

which indicates whether multiple coatings are more [71 B. Chalmers. Physical Metalluroy. New York:John
effective than a search for large thickness single Wiley and Sons, Inc., 1959, pp. 196.
coatings. Figure 6(b) shows a 7.5 pm thick PZT film [8] G. Yi. Ph.D Thesis* Queen's University, 1992,
prepared as 5 successive coats. This thickness is below [9] Table 98, Ceramif Source '90, American Ceramic
the critical thickness for PZT and no layering is Society, Westerville, OH, 1990
detected within the body of the film. (10] M.Sayer, "Ferroelectric Memory Programs in

Canada",Integ.Ferroelectr., vol 1, (2). 1992
The rate of crystallisation of films is affected
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ABSTRACr

Highly transparent lead titanate (PbTiO 3) thin films were deposited on both platinum-
coated silicon wafers and sapphire disks. The results were characterized using XRD to
determine the phases present and the presence of preferred orientation. SEM was used to
examine the morphology of both the surface and cross-section. UV-VIS-NIR
spectrophotometry was used to determine the dispersion ricitionship and the optical band
gap energy.

INTRODUCTION

Lead titanate (PbTiO 3) based ceramics have been well
known for their interesting piezoelectric, pyroelectric, ferroelectric,
and electro-optic properties. In recent years, the thin film forms of
PbTiO3 (PT) and PT derived materials such as PZT and PLZT have
generated considerable interest due to their application in . . .
nonvolatile ferroelectric RAMs. These thin films also find "_ =

applications in optoelectronic devices, sensors and transducers.
While many processing techniques are available to MW)2 ===Z: -- z_

synthesize PT thin films, metallorganic chemical vapor deposition -

(MOCVD) is a promising technique for several reasons: the
equipment is relatively simple, film thickness uniformity is
excellent, film density is high, deposition rate is high, step coverage Figure 1: Schematic Diagrnm of MOCVD System for PbTiO3 Thin I-Onm

is excellent, and it can be incorporated into large scale processing
Ill.

EXPERIMENTAL PROCEDURE A closeable bypass was installed in the reactor to allow the

precursors to bypass the reactor prior to beginning the deposition.
In this paper, the MOCVD process was used in a hot-wall This is required to insure that the system has already reached

reactor to deposit quality PbTiO 3 thin films. A schematic diagram equilibrium. All pipes in the system were heated to about 130 C
of the apparatus used is shown in Fig. 1. The reactor consists of a using heating cords to prevent the condensation of the precursor.

stainless steel tube with a 2" inner diameter. A liquid nitrogen cold The metallorganic prectrsors chosen were lead (11)
trap in series with the vacuum pump protects the vacuum pump tetraheptanedione (Pb(thd) 2) and titanium (IV) ethoxide (Ti(OEt)4);
from harmful exhaust products. A resistively heated furnace is used a summary of their important properties is provided below [11:
to heat the reactor tube to the desired deposition temperature.

Precursors were sealed in stainless steel bubblers which
were resistively heated to a uniform temperature using customized TABLE I: Summary of Precursor Properties
mantle heaters; the variation in bubbler temperature was less than
±1.0 C. The flow rates of the 02 dilute gas and the N2 carrier gases Precusor Form at Air Tm Tb Td

RT Subdtwere monitored and controlled using microprocessor equipped mass Pb(thd)2 Powder Stable 128 320 300
flow controllers (MFCs). The pressure was stabilized using the Ti(OE), Liquid Siabie 122 300
vacuum pump valve while the system had reached steady state
behavior.
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Selection was based on their volatility and compatible The PbTiO3 film were generally found to be smooth,

decomposition temperatures as well as the safety and ease of specular and crack-free at 500 C, but blistering and peeling was
handling the materials. A suitable concentration of oxygen provided found to occur on the Pt substrates at the higher deposition
by the dilute gas is necessary to provide an oxidizing atmosphere temperatures of 525 C and 550 C. This phenomenon is most likely
for the pyrolysis of these precursors. Pb(thd) 2 is a white powder at stress related and may be a result of the phase transformation

room temperature and must be heated near its melting point to occurring at the Curie temperature, which would be avoided at the

achieve significant volatility. 5g were used in the bubbler each time lower temperature.
and was replaced with fresh precursor for each deposition to

prevent degradation of the precursor due to oligimerization. IOU

Ti(OEt) 4, on the other hand, is a liquid and while relatively stable in

dry air, it rc,...tz readily mit/= roisture. Consequentny it was kept 1 200

sealed up under vacuum in the bubbler and was generally replaced tot 20

only after ten to fifteen depositions. No apparent degradation in 0011 1
volatility or deposition rate was observed to occur. The optimum I

deposition parameters used are given below: 0 t002 2

TABLE 2: MOCVD Parameters

Pbtbd)2  "rKOFA)4

Bubbler Temperatre. TB 128 C 83 C
Carrier Gas N2  N2

Carrier Gas Flow Rte 25 sccm 5 sccm 211
Deposition Temperature, TD 500 C

Pressure 6 Ion 001

Dilute Gas Flow Rate 550 sccm (b)002 200 102201
Deposition Time, t 30 mrin.

A12 03 AI2 03

The substrates used were of three different materials: single
crystal sapphire oriented within a 30 degree cone of the c-axis, A00 ,12o3 200 A ',

wafer.~ ~ ~ ~ ~whc Saphir susrtsweeueeortepro e ao f o taiin 00001 _ 0platinum coated silicon wafers (Pt/I'i/SiO 2/Si), which will hereafter A0I I, 02 201

be referred to as platinum substrates, and polycrystalline alumina _ I I , 2 82 1
wafer. Sapphire substrates were used for the purps of obtaining (c) ' ', _ _. . . -- " -/"- 2

optical properties by means of UV-VIS-NIR spectrophotometry. 20 30 40 50 60

The platinum substrates were used to evaluate the deposition Figure2 ',00nmthlczkPbt1O3lf~ihon alPt.TStO2 St (blsa)pphii disk (onented

behavior of the PT on an electrode material commonly used for ithin 30 degree ýone ofc-axis) Ic) p l,.cr)tailine alumina

determining electrical properties. Polycrystalline alumina was used
to monitor the overall deposition rate and phase constitution for XRD using Cu-K. radiation was used to monitor phase
positions on the substrate holder not occupied by the platinum or constitution and reveal possible crystallographic orientation; a
sapphire substrates. comparison of the typical XRD pattern for each of the three

RESULTS AND DISCUSSION substrate materials is given in Fig. 2. In the as-deposited condition,
XRD revealed only the presence of the single perovskite phase of

The lead titanate films produced in this way were found to PbTiO3 . However, some substrates exhibited a very noticeable

be nearly stoichiometric PbTiO 3; energy dispersive spectrometry improvement in their XRD pattern following a 600 C anneal :-- air

(EDS) revealed compositions generally of about 54% PbO and 46% for I hour, implying that there may be a mixture of both the

.To measure the film thickness, weight measurements were amorphous and perovskite phases in some of the films prior to

taken bannealing. This effect was particularly noticeable on samples whichtaken before and after deposition with an electronic balance having were placed outside the uniform temperature zone and hence were

a precision of 10 micrograms. The deposition rate in the uniform at a lower temperature.

temperature zone for the stated experimental parameters was Platinum substrates also showed the formation of a Pb-Pt

generally about 13 nm/min resulting in a film thickness of about intermetallic compound at the interface. The XRD patterns also
400 nm after 30 minutes. There was a noticeable substrate effect on demonstrated the tendency for the preferred orientation of films on
the deposition rate; the deposition rate on the Pt samples tended to Pt substrates as evidenced by the extremely .'tense x-ray peaks
be much higher than on an adjacent sapphire or alumina substrates. corresponding to the [001] and [1001 directions. This phenomenon
This phenomenon was also reported by Swartz et ai.[3] has also been reported in the literature for Pt substrates[2, 3]. There

was no discernible orientation relationship for the sapphire and
alumina substrates.
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Scaonning Electron mMicroscopý (S[UM) w as used to image High magnif icatI)jion macs of the surfaoces, .rc sh, %% n iri I wi.
Oh,- III[?] morphologyv and so rfdec topography of a i'pica I Ph-Ii() 3  4. The annea led samnpics slit "scsdeot l~t hej I)C 11. jt a '0 T I
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the surface is slightlx' rou&h. invcragc grain Size of' about [(tol nni. A iclati~cl% frrw crained

structure is generally desirable from the staindpoint ot Oclcirlcal
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The UV-VIS-NIR transmission spectrum and reflectance

spectrum were obtained for the as-deposited PT film on a sapphire dispersion relationship and absorption coefficient behavior were

substrate in order to obtain the optical constants, film thickness and both determined using the envelope method and UV-VIS-NIR

packing density. The transmission properties of the film revealed a spectrophotometry. The refractive index was 2.474 at 632.8 nm

highly specular, nonabsorbing film as evidenced by the fact that the from which the packing dersity was estimated to be about 899.
maxima in the interference fringes approach the transmitted
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friott 1chitnically coprecipi tated pok ders aitd Split coated [hill filntls materials. The butlk samples wýere mteasuired usittg a Saws er- Vower
ttiiuit'-. J lv a intei~liirgaitic decoimtpositioni (MNOD) iprocess. circuit with a dc applied ioiaL.e of +_1-411( V. The li .steresis looKps

"v. re plotted with a Goerz .Mvetraw att X-Y' plotter. Hv steresis
loops of the thin Film Samples were custoittanls measured lisim- I

ExpcqTnsental procedlure 6(1f liz Sawyer-Tosser circuit and an oscillosciope readout: howkever.
ill order ito mtore accurately compare riteastireittent of' bulk and fimli

Proc cv~l '11-hysteresis loops. the thin films were also ttteaSiured ilsine,- a lowk
voliage (--31-51) V) Ldc looper

PUT/ tot pressed cerainics attd spiii coated thin filmt, were The Citrie tetttperature of bulk samiples was determined for
fahricated Using11 a process sitmilar tio prey iouslr reported proicesses svrlP[./T comipositions. Bulk samples wýere placed in a stirredl
uisinig a water Soluble acetate precursor system.-I The acetate oil bath and hetdwhile taigcapacitance and loss taitgent
precursors w~ere chiisen pninainly for their chemical stability, mteasureiments at 50C increments. The Cuite teitperature wkas
insensibtivitv to moisture and low- cost. The staurttngz precursors indicated by a maximum in the measured capacitance. X -ray,
tIncluidedl lead siibace tate rPhAc i powder. Ianchth Lit ii aLce tate diffraction analysis was also performed onl bulk and thin tilnt
,La.Ac . ztrculinIutt acetate i /rAc I arid titanium acet-viacetonate satmples using a Scintag XDS 20(1(1 diffractnmeter with Cu K-alphad
(Ti.AC i solutitont,. For processing siinplicttv and aiccuracy. PhAc radiation.
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Re•.ults and Discurssion result suggested that thin tlrmis and bulk ceramics did not behae

equisalently near the morphotropic phase oundars, since the

Several cornpo•,itons were chosen for study near phase dielectrc constant was expected to peA at this boundary A

boundaries in the PLZT ssiein. The inorphotropic phase boundary comparable result occured for x\/5/35 compositions Ahen the

compositions ý.,nslstcd of 2/55/45. 2/53/47 and 2/51/49 which paraelecmc phase boundary was encountered. The dielectrc

regularl, exhibit ferroek-ctnc memory behavior. Compositions constant was expected to reach a maximum at this phase boundary

approaching and entenng the paraelectric phase region with 65/35 which was previously reported at the 9/05/35 composition for

Zr/Ti ratios included those with 6, 7, 8. 9, 9.5 and 10% La. These mixed oxide processes.- Thou,-h both bulk and thin film samples

nlatemiai, zpcally are mlemlory materials at 6% La and range seemed to have maximum dielectric constants at the 9.5/65/35

toward slim-loop ferroelectric matenals in the 9 to 10% La range. compositions, the 9/65/35 thin films; were closer to 9.5/65/35 than

Hot pressed bulk ceramics and spin coated thin tilms on Ag foil the bulk. Note the occurance of the high KpuI for the 8/65/35 bulk

subsMrateC, wcre tabrcated. and a comparison of properties was sample despite the lower K,,r shown by this sample. The bulk

establiNhed, ceramics demonstrated a larger difference in dielectric constants

between the 9 and 9.5/65/35 compositions. Additionally, the thin

Dielectric Propemsc film 6/65/35 composition revealed a higher dielectric constant than

the bulk 6/65/35. These results would suggest that bulk and thin

Di)electric and ferroelectric properties are listed for bulk and film samples showed dissimular behavior also near the paraelectnc

thin film satnptcls in Table I including ,irgin and poled dielectric phase boundary.

constatntt for each. .-\s expected. thin t'lrn dielectric constants were As mentioned above, the expected maximum dielectnc

generally lover than their bulk coutterparts. These effects have constant for x/65/35 bulk ceramics produced via mixed oxide

pre\ iousl\ been reported to be due to several effects caused by the processes ,as 9/65/35: ho\,eser. the results in Table I for the
chemical process generallv indicate a maximum at the 9.5/65/35

obhsous difterences between bulk and thin film configurations
including small g-rain size of the thin films, mechanical clamping composition. Furtheirmore. the dielectric constants for all of these

effects and voltage setsitiity of the dielectric measurement due to compositions were higher than values reported for mixed oxide
the high lc c-ic field applied to a <I urn thin film.2 The difference processes.' These results could possibl, he explained by realizingtheth type fci fields applie to tha s<1d fr fabiiain filmk Theranferenc
in dielectric properties found in the present results, however, was the typq of process used in this stidy for tabricating hulk ceramics
not as signiticant as that reported earlier, and thin fihlns i.e, thoroughly mixed acetate precursor solutions to

In comparing bulk 2Q La samples to thin films, some produce chemically derived powders and thin !ilms. hibs proce,,s

similarities and differences were noted. Unsurprisingly. both bulk may provide improved mixing of components which could slightly
and thiit film data show,,ed maxima in Kvr and Kpt at the 2/53/47 alter stoichiometrv in the bulk and thin film samples-- especia;lv

composition indicating the existence of the morphotropic phase Zr/Ti ratio and dispersion of the La dopant in PLZT. This could
bountdary near this compositon, although the position of the have produced higher dielectric constants and shifted the maximum

boundary for the thin films seemed to be slightly different than that in dielectrc constants of these materals to 95% La. In order to
of the bulk samples. Ktl and Kvjr for 2/51/49 thin fdms was explore this supposition. Curie temperatures of bulk x/65/35

essentially equal to that of 2/55/45 films, while bulk 2/51/49 had a samples vere measured and are shown in Table 2 and Figure I
much greater poled dielectric constant than bulk 2/55/45. This

BULK CERAMICS
Knol tan d Kvir tan d E(- (dc) P'R (dc) E(- (ac) PR (aW

(pol) (sir) [kV/cm] [uCicmI [kV'cm) [uCcm 2]

2"55 45 1328 .029 - 1293 .033 8 46 .. ..

2'53,47 1885 .025 1391 .028 10 40 ..

2'5l1:49 1630 .024 1234 .034 16 33 .. ..

6765.35 1355 .036 1774 .056 6 33 .. ..

7/65/35 2712 .033 2479 .036 5 31 .. ..

8/65/'35 5700 .055 4692 .050 3 20 ..

9/65/35 5147 .054 5007 .050 0 0 .. ..

9.5i65/35 5658 .048 5603 .046 0 0 .. ..

10'65,35 5548 .036 5538 .033 0 0 .. ..

THIN FILMS

2:55,45 997 .122 1228 .133 27 34 43 32

2'53/47 1265 .132 1619 .160 28 47 44 45

2/5149 972 .122 1237 .146 28 38 46 37

(/65/35 1871 .142 1995 .141 14 21 28 25

7/65t35 2499 .170 2460 .145 14 18 27 21

8.165/35 3211 .194 3172 .176 11 15 22 19

9/65/35 4221 .195 4001 .172 9 11 22 17

9.5/65/35 4234 .190 4092 .164 7 8 19 18

10/65/35 4157 .193 4157 .209 7 10 18 16

Table 1. Electrical properties of PLZT bulk ceramics and thin films.
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14000- diffractometer. In analyzing the lattice spacings of the materials, it
was found that the thin film d-spacings were slightly larger than in

- - present in P'ZT thin film~s caused by lattice or thermal expanlsiof

12000 the bulk material. Watanabe et al. 4 proposed that mecha ;cal stress

mismatch between the film and the substrate can cause differences
10000- in lattice constant between bulk and thin film materials. This man

be the cause of the difference in d-spacing observed here. The
0 increase in d-spacing for the thin films is quite s•tall--

8000-7/W535 S-approximately 0.0 to 1% between the bulk and thin film samples.
S/M35 An absence of larger differences in d-spacings could be attributed to

6000- the Ag substrates used which are quite ductile and may allow the

o- films to be relatively stress free compared to films fabricated on
9.5•65135 more rigid substrates (i.e. Si, sapphire, MgO).,.,..- -*4-
101o6&35 Ferroelectric Propernes

The ferroelectric properties calculated in Table I were taken

TEMPERATURE (C) o from the P vs. E hysteresis loops shown in Figure 3 As stated

Figure 1. Curie temperature measurements ofrbulk x/65/35 above in the discussion of dielectric properties, both bulk and thin
fim materials indicated a transition across the morphotropic phase

Table 2. Curie temperatures of PLZT x/65/35 bulk ceramics. boundary. This transition was also evident in the hysteresis loops
of the materials. In the bulk materials, the transition was obvious

Composition T; with a widening of the hysteresis loop signaling the emergence of
7/65/35 140 the tetragonal phase in the 2/51/49 material. This phenomenon.
8/65/35 100 however, did not occur in the thin film samples. The tetragonal

9/65/35 70 phase was evident in the dc hysteresis loops of the thin films by a
9.5/65/35 65 slightly more square hysteresis loop for 2/51/49 than for the

9.5/65/35 65 rhombohedral 2/55/45 film. The phase transition was apparent in
10/65/35 60

both ac and dc hysteresis loops of the films by a rise in remanent
The Curie temperatures measured were consistently 100C lower polarization in the 2/53/47 film. Previous work mentioned that thin
thanprevC use temperatur ed worbulksamplespreconstenty aC lwer films have a lower PR and higher EC than bulk materials for reasons

than previously reported for bulk samples produced by a mixed similar to differences in dielectric properties mentioned above (grain
oxide process. 3 This result further emphasizes the possibility that size, clamping. vohtage sensitiviy. hog h hnth•

the stoichiometries of the chemically prepared materials presented se n ge volt a had a hvityge2 Although the thin finrim

here were slightly different than the mixed oxide materials. presented here with 2% La had a higher EC, the PR of these films
was not necessarily lower than for bulk materials. In fact. 2/53/47
and 2/51/49 films had a higher PR than bulk samples of the same

Crystallinity composition. Again, as with dielectric properties, the fcrroelectic

X-ray diffraction patterns of thin film 8/65/35 and bulk properties of the thin films seemed to be different across the phase

8/65/35 samples are shown in Figures 2a and 2b, respectively, and boundary than the bulk ceramics. This was also the case for

4-spacings are labeled for the PLZT peaks. Due to their greater x/65/35 materials.
- eIn PLZT bulk x/65/35 samples, the hysteresis loops

intensities, the three Ag substrate peaks labeled on the thin film obtained were similar to those expected for these compositions.
pattern masked three PLZT film peaks expected at the same angles. The re polaritonshose execte fies calculations.The thin film sample produced lower intensity PLZT peaks than the The remanent polarizations and coercive fields calculated were

lower than reported mixed oxide values 3, and this can possibly be
corresponding bulk sample. This could be a result of the thin film attributed to the difference in processing between the
having either a lower degree of crystallinity than the bulk sample orsimply a smaller quantitiy of material being analyzed by the coprecipitation and mixed oxide processes as discussed above. As

anticipated, the 6, 7 and 8% La materials were memory materials.
AAg and the 9, 9.5 and 10% La materials were slim-loop materials. For291 Ag I

(A) •the memory materials. EC was higher and PR was lower for thin

Ag films than for bulk materials which was similar to previously

4J3 206 54 reported results. 2  Although both bulk and thin film memory

/1 _ materials experienced narrowing of their hysteresis loops with

2 x,) increasing %La. the bulk materials transformed to slim-loop
materials at 9% La, while the thin films maintained ferroelectric

memory hysteresis loops beyond 9% La. Research by Gu et al. 5 on

tit) quenched PLZT 9.5/65/35 ceramics showed that internal stresses
induced in quenched samples can enhance polar region ordering and

produce a more ferroelectric-like response. This produced higher

remanent polarizations in quenched samples than in annealed

167 samples. These findings could explain the memory behavior

204 observed in the 9, 9,5 and 10/65/35 thin films in this study.
4 W) Residual stresses in the thin films which could have produced the

1 83 differences in d-spacings discussed above may have caused these

films to retain ferroelectric memory hysteresis loops that were not
30 40 5,0 b0 observed in the bulk materials of the same compositions.

Figure 2 X-ray diffraction patterns of an 8/65/35 (A) thin film Nevertheless. thin film behavior again differed from bulk ceramic

and (B) bulk ceramic. D-spacings are in angstroms. behavior near the paraelectric phase boundary.
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2/55/45 2/53147 2/51/49 6/65/35 7/65/35 8/65/35 9/65/35 9.5165/35 10/65/35

(A) BULK CERAMICS WO

I; ;

K_.iL _"_

(B) TIIIN FILMS (dc)

(C) TIHIN FILMS (cL)

Fi gure 3. 1lystersis loops of several PLUT bulk and thin film
materials including (A) dc loops of bulk ceramics,
(B) dc loops of thin films and (C) ac loops of thin films.

Summ~a and Conclusions properties of bulk and thin filmn PLZT ferroelectmes. Hence, this

PLUT bulk ceramics and thin films were fabricated from th process provided a valid comparison between these materials.

same acetate precursor solutions in order to minimize batching
variations and accurately compare properties between bulk and thin Acknowledyemennt
film samples of the same compositions. It was found that materials
near the morphotropic phase boundary with 2% La differed in This work was supported by ONR under contract 4NO00014-91 -J- 1508
behavior. Maximum dielectric con~stants were found at 2/53/47 for
both materials; however, the bulk 2/5 1/49 had a proportionally
hie-her dielectric constant than the thin film when compared to their Rfrne
respective 2/55/45 samples. The hysteresis loops of the bulk R
samples indicated a transition to a tetragonal phase with a widening lL..SeprAdacsiPoesngf

taeral IIIuin (A) Shpprd "Advnce in huroeeranics,

of hysteresis loops (increased EC, decreased PR). Thin films also Ferroelectric Thin Films," AmCer.Soc.Bull.,
indicated a transition but with a maximum in PR for the 2/53/47 vol. 71 (1), pp. 85-95r 1992.
composition.

Bulk x/65/35 materials behaved as expected with the 121 G.l,-aertling, "An Acetate Process for Bulk and Thin

exception of slightly lower Curie temperatures, coercive fields and Film PUT," in IEEE 7th Interational Symposium
remanent polarizations and slightly higher dielectric constants thanonAcknowledement
previously reported. The 6, 7 and 8/65/35 materials produced
memory hysteresis loops, and the 9, 9.5 and 10/65/35 materials (31 work as rted by ONR Ceracs and00evices."
produced slim hysteresis loops. The thin film memory loops were i3 n Engi2/5ere/47 fioleric Cand Devics

somewhat thinner than the bulk memory loops, and continual ind Glasses), MaterialsoHano vo. 114(Ceramic
narrowing of the loops occurred toward the paraelectric phasea esern

boundary; however, slim-loop ferroelectrics were never completely 141 1-IWatanabe. T.Mihara and C.A.Paz De Araujo,
achieved in the thin fil2 materials. X-ray diffraction analysis "Device Effects of Various Zr/Ti Ratios of PZT Thin-

showed that thin film lattice spacings were only slightly greater than Films Prepared by Sol-Gel Method," in Broceedin"s
the corresponding buik spacings as indicated by diffraction peaks of the 3rd International Sympsiumr on Inteergaed
slightly shifted in diffraction angle between the two materials. erlctisp.135019.

This comparison of bulk and thin film ferroelectrics is Ferroclectric pp. 139-5, 11.

believed to be an accurate comparison of properties caused only by 151 W.Y. Gu. E.Furman, A.Bhalla and L.E.Cross,"Effects
the inherent differences in configuration between bulk ceramics and of Thermal Treatment on the Electrical Properties in

thin films. It is believed that the current process used to fabricate eaoP1TCrmis"Freecisv.89
these materials is one in whvh complete mixing of precursors and Re 2a1r, PZ C9a99s.
accurate batching of materials provided a minimization of batching
differences that could cause serious variations in composition and
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HIGHLY ORIENTED (Pb,La)(Zr,TI)Os THIN FILMS ON AMORPHOUS SUBSTRATES

A. Y. Wu4, D. M. Hwangb and L. M. Wangc

"Center for High Technology Materials, University of New Mexico, Albuquerque, NM 87131
bDepartment of Geology, University of New Mexico, Albuquerque, NM 87131
CBell Communications Research, Red Bank, NJ 07701

PL.ZT thin films have been deposited on various substrates, particularly on amorphous SiO 2 , and
on Si, or GaAs with a buffer layer such Si0 2 . Regardless if the substrate is single crystal or
not, many films are highly oriented with one of the [1001, or 1110], or [111] direction normal to
the substrate surfaces. Depending on the PLZT composition, substrate material and deposition
conditions, there are ten different film categories: For the distorted perovskite (cubic,
tetragonal, or rhombohedral) structure, (I) single crysal film; (2) quasi single crystal film; (3)
orientationally locked epitaxial film; (4) uniaxially-oriented film with unique crystallographic
direction normal to substrate surface; (5) polycrystalline film; and for other crystal structures:
(6) highly oriented film with the pyrochlore crystal structure; (7) polycrystalline film with the
pyrochlore crystal structure; (8) ai.iorphous film; (9) film showing perovskite, pyrochlore, and
amorphous structures; and (10) film showing different phases. Among these films the most
interesting ones are the highly-oriented films deposited on amorphous SiP 2 substrate because of
the possibility of monolithic integration of integrated optical thin film devices onto Si and GaAs
with a non-lattice matched buffer layer of SiP2, the best optical transparent material for
waveguiding and integrated optics. Since there is no lattice matching condition between the
film and the amorphous substrate, it is very interesting to know the growth condition at the
interface. Crystal structure, grain size, morphology, composition, and symmetry of the thin
film on Si0 2 have been studied using a JEOL 2000FX and a JEOL 4000FX transmission
electron microscope systems and interesting results have revealed that I) very large single crystal
grain up to 2 u&m in size, with the [1001 direction normal to the substrate surface are frequently
grown on amorphous substrate; and 2) clusters of orientationally-locked, highly-oriented grains
are also frequently formed on amorphous substrate. These interesting but unusual thin film
growth behavors will be discussed.

INTRODUCTION A1203(0001), A12Oa(ll02), etc. Although lattice mismatches are
very large in above-mentioned substrates, orientationally-locked,

PLZT thin films have been deposited using sputtering method on highly oriented films can be obtained frequently. Grain size in
various substrates including Si0 2, Si, GaAs, A1203 , MgO, stainless the film may be a few hundred X up to 2 ;4m.
steel, Pt, etc., and Si02, Si, or GaAs with a buffer layer such as
SrTiO 3 , ln2 0 3 -SnO2, Pt, Ti/Pt and PLT [I]. Regardless if the (5) Polycrystalline film: This is the type of film reported in most
substrate is single crystal or not, many films are highly oriented publications. In such film, most of the (100), (110), and (Ill)
with one of the [100], or [110], or [Ill] direction normal to the peaks would show up in powder x-ray diffraction pattern. Our
substrate surfaces. Depending on the PLZT composition, substrate experience is that these films have much inferior optical quality
material and deposition conditions, there are ten different film with large scattering, attenuation, etc. than that in highly-oriented
categories. We will describe these ten different films only briefly films. Researchers obtained this kind of films because their
but concentrate mainly on the film deposited on fused silica deposition parameters such as deposition rate, gas mixture, flow

substrate because of its importance. rate, substrate temperature, etc. were not optimized.

For the distorted perovskite (cubic, tetragonal, or rhombohedral) For other crystal structures, the following films have been and can

structure, the following films have been and can be deposited: be deposited:

(1) Single crysal film: Using a lattice matched PLZT 9/65/35 (6) Highly-oriented film with the pyrochlore crystal structure: It is

wafer as substrate with the wafer surface optically polished and easy to deposit a pyrochlore structured film with the [100]

slightly etched in very dilute HF solution, it is possible to deposite direction normal to the substrate surface providing that the
single crystal film of the size of 8 1m, the average grain size of deposition conditions are the same as that for depositing
the PLZT wafer, perovskite structrued film but the substrate temperature should be

kept lower. Fused silica substrate is useful for obtaining highly-

(2) Quasi single crystal film: Using a nearly lattice matched MgO oriented pyrochlore structured film consistently.
or SrTiO3 single crystal substrate, it is possile to deposit large
single crystal with a lot of strain, stress and defects due to both (7) Polycrystalline film with the pyrochlore crystal structure: In
lattice and thermal expansion mismatch. This is because the this film all the pyrochlore peaks would show up in the powder x-
lattice mismatch between PLZT film and the substrate is about ray diffraction pattern. Again, researchers obtained this kind of
5%, while the maximum strain PLZT material can tolerate is about film because their deposition parameters were not optimized.
3%. (8) Film showing perovskite, pyrochlore, and amorphous

structures: This poor film usually indicates that the substrate
(3) Orientationally locked epitaxial film: Highly oriented PLZT temperature is still not high enough and the deposition parameters
films deposited on MgO or SrTiO 3 single crystal substrate are are not optimized.
likely to be orientationally locked also. Grain and grain
boundaries may be formed due to the lattice and thermal (9) Amorphous film: When the substrate temperature is too low,
expansion mismatch. Grain size may be larger than a few um. only amorphous film can be obtained. However, it is possible to

deposite amorphous film of good optical quality because thcre is

(4) Uniaxially-oriented film with a unique crystallographic no crack in the film.
direction normal to substrate surface: Highly oriented film with
the unique [100], or [110], or [ill] direction normal to the (10) Film showing different phases: This kind of film is caused by
substrate surface. The substrates can be fused silica, an unsteady or disturbed plasma discharge in the deposition
polycrystalline (100), or (110) highly-oriented SrTiO 3 film of 1000 chamber. Also the substrate temperature may be not uniform.
X thick, polycrystalline ITO film of 1000 X, poycrystalline (ll)
highly-oriented Pt or Pt/Ti film of 1000 k, single crystal Among these films the most desired film should be large single

substrates such as Si(100), Si(l 11), Si(l 10), GaAs(100), crystal but it is difficult to deposite it mainly due to the lattice

(CI I)108-0-7803-(P465-9/92$3.0() ©IEEE 301



mismatch problem. E.en if a proper substrate can be used, the corresponding electron diffraction pattern of a PLZT 7T'0/100 film
cost is likely sery expensixe. -lhe next choice would be the deposited directly on a clean Si(100) substrate (Si substrate was
epitaxial film but the cost of single crystal substrate is still a etched in HIF solution just before it was loaded into deposition
problem. For practical purpose, Si and GaAs are the only two chamber, so there might be only ,ery thin natixe SiO 2 formed at
substrates with potential for monolithical integration. Since the the interface which may not be dissolsed away by KOH/water
lattice mismatch between PLZT and Si or GaAs is more than 25% solution). In this case the film thicl,ness is 900 A without any
and the refractixe index of Si and GaAs is higher than PLZT, it is perforation procedure. The micrograph shows the random
necessary to use a buffer laer. It is natural to use Si0 2 as a distriution and orientation of ,iall PLZT grains of the size of
buffer layer not onl. because fused silica is more economic but about 500 A. From the diffraction pattern in the insert of the
also because of the monolithic integration of SiO 2 or its device Figure, the film is a polycrystalline commonly seen in many
onto Si and GaAs substrate is a rather mature technology. publisLed reports. Figure 2 is a TEM bright-field micrograph and
Althouth there is non-lattice matching between crystalline PLZT the corresponding electron diffraction pattern of a PLZT 28;0/100
and amorphous SiO 2 , the question now is why large grain, film deposited on a SiO 2;'Si(100) substrate. The film is highly
orientationally locked, highly oriented PLZT film can be deposited oriented with the [1001 direction normal to the substrate surface.
on fused silica? We may not answer this question now but we will The most interesting thing about this Figure is that there are many
first pro,.ide hard e,.idence in this paper. grains having the shape of square in the sample, as can be seen

clearly in the Figure. These grains hae the size of about 2000 to
We have used TEI to iudy the growth condition, crystal 5000 ,X and many of them are clustered together as if their
structure, grain size, morphology, composition, and symmetry of orientation in the plane of the original substrate are all the same.
PLZT films, because all these properties are very important for (The original substrate is thermally grown SiO2 on Si. which has
the understanding of optical scattering, attenuation, and optical been ion-milled away). The clusters are large in size that it is
nonlinearity in PLZT thin film optical, nonlinear optical, and possible for us to focus the electron beam of the size I um in
wax eguide devices. diameter inside one cluster area and obtain a single-crystal-like

diffraction pattern. For example, the electron diffraction pattern
on the upper left corner shows a four-fold symmetry representing

EXPERIMENTAL RESULTS AND DISCUSSION the crystallographic (100) diffraction with 6ery little
containmination. This indicates that the beam was possibly

PLZT films of the composition 28/0/1'00, about 4500 A thick, probing a "single crystal" region of the size larger than I j.m. It is
were deposited on fused silica substrate (Optosil 1, Optosil 11, or not easy for us to say for sure that this large region is indeed a
T08 from Amersil Inc.) or onto Si(100) substrate with a SiO 2  true PLZT single crystal for the following reason: Just about I Jm

buffer layer of 2 pm thick thermally grown on the Si surface. away from the probed region, we can see several large clusters
The substrate temperature was 400 C and the deposition method is consisting of square-shaped grains, and the grains in each cluster
rf magnetron sputtering [21. Two different types of TEM samples are all "aligned" in one direction in the plane of the film. Thus
were prepared: (I) Thin film foil parallel to the film surface for we conclude that not only the surface normal of the grains in one
studying the film properties, and (2) Thin cross-sectional foil cluster has the 1100] orientation but also that all the grains in the
prepared by stacking several PLZT/Si0 2 /Si or PLZT/SiO 2 samples cluster are orientationally locked in the plane with respect to the
together using epoxy and then sliced the stack perpendicular to original SiO2 substrate surface so that a clean, almost pure four-
the film. All TEM foils were polished to desired thickness using fold symmetry diffraction pattern was observed.
standard Ar ion milling perforation method. A few PLZT
7/0/100 films of 900 X thick were also deposited directly onto Figure 3 shows several TEM micrographs on cross-sectional views
pure Si(100) substrate. TEM PLZT 7/0/100 sample were obtained of PLZT 28/0/100 deposited on Optosil I or SiO 2/Si(100)
by totally dissolving Si away and collecting the remaining PLZT substrate. The acceleration voltage for the JEOL 4000FX system
films in a warm KOH/water solution. Film debris larger than was 400 KV and the beam aperature was I um. Both bright and
2mm X 2mm could be easily collected and scooped onto meshed dark field and double exposure techniques have been employed.
or pinholed TEM copper or Be sample disks for TEM study. The From the figures it is clear that (I) The size of some individual
films were cleaned thoroughly by acetone and acohol. region (grain or cluster of grains) is large, larger than I up to 2

gm, but t! ese region contains some defects and possibly stress and
TEM studies were performed at various different times using the strain because the image inside each individual region is not
JEOL 2000FX TEM system at the University of New Mexico for homogeneous or uniform. Several corresponding electron
studying the film itself and the JEOL 4000FX TEM system at diffraction patterns of these grains or regions show clean
Belcore for studying the cross-sectional structure at interface, diffraction patterns suggesting that they are very similar to single
Several micrographs and corresponding electron diffraction crystal in nature. But some other patterns occationally do show
patterns of PLZT 28/0/100 and PLZT 7/0/100 thin film samples two or more single crystal diffraction patterns superimposed
were obtained. Figure 1 is a bright-field micrograph and its closely on top of each other, suggesting that there are several

grains in that region, and each grain makes a small angle with
another grain. This suggests that small angle grains and
boundaries exist in our films. On a higher magnification, it can
be seen that the single-crystal-like region become more and more
defective when the film is closer to the PLZT/SiO2 interface. It
can also be seen that the interface boiindary line in most samples
are very sharp to within about 100 A, which is also about the
surface roughness of the thermally grown Si0 2 surface. By
analyzing our micrographs it seems that there is no strong
evidence that there might be any second phase at the PLZT/Si0 2
interface to within our resolution of 20 to 30 X. In order to find

4, out whether there is any second phase or not, it is necessary to use
a TEM with much higher magnification and resolution and to

40 study the crystal structure and chemical composition in both PLZT
and Si0 2 regions to within 30 X from the interface.

Orientationally locked, highly oriented PLZT films hav, been
S7f-.d 1 0 m ' deposited on amorphous Side2 substrates. Large single crystal100 grains or cluster of grains up to 2 pm in size, with the [100]

Figure 1. TEM micrograph and electron diffraction of PLZT direction normal to thin film surface are frequently grown on Si0 2
7/0/100 film. substrates. The film structures are examined and reported in this
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Figure 2. TEM micrograph

and electron diffraction of
PLZT 28/0/100 film.

Figure 3(b). TEM cross-sectional micrograph of PLZT 28/0/100Figure 3(a). TEM cross-sectional micrograph of PUZT 28/0/100 film and SiO 2 substrate. X3OK.
film and SiQ2 substrate. X15K.
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Figure 3(c). TEM cross-sectional micrograph of PLZT 28/0/100
film and mi02 substrate. XmOnK.

'4 F1:T S; `
4IK U I wo!

work by using TEM methods.
Figure 3(d). TEM cross-sectional electron diffractioa pattern of
PLZT 28/0/100 film and Si0 2 substrate showing large single
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BARIUM STRONTIUM TITANATE THIN FILMS BY MULTI-ION-BFAM
RFAcFIVE SPUrTTERING TECHNIQUE

CA-. Peng'. H. Hu and S.B. Krupanidhi"
Material Research Laborator,

Pennsylvania State University, University Park. PA 16802
" L,,o with Materia! Research Litoratornes, Industrial Technolog Research Institute,

Hsnchu. Taian, R.O.C.
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ABST'RACTr tomlhardment is avoided, (d) flexibility of the control tf the film

compositmoi, by independent sputitering source for multi-

Thin films of barium strontium titanate including BaTiO3 component thin tmn materials and (c) controllable
and SrTiO. end members were deposited by multi-ion-beam bombardment by secondary low cvt,-,,v 'on source to assist thin
reactive sputtering (MIBERS) technique using alkaline earth film growth. This technique was also demons'rated to have very
oxides (BaO and SrO) and Ti-metal targets. The MIBERS uniform thickness and composition over large arcia and good
technique showed convenient and flexible control of the film process reproducibility. Details of the MIBERS technique hase
co:npcsit;-c-. Tht di,-lecri- c-,nstin, ti the films deposited on been described elesewhere'.

Pt-coated Si substrates showed thickness dependence. A II. Exprimentas
dielectric constant of 219 at 10(I KtIz was found for 1.2 Jim thick
films. Charge storage density of 15 fC/Am 2 at 5 volt and leakage Three focused Ar' beams were used to sputter a SrO. BaO
current density of 5.8 ,A/cm 2 at an electric field of 0.1 MV/cm and a Ti-metal target respectively. The chamber was first
can be obtained for 0.3 Am thick films and are suitable tor the pumped down to a base pressure ot -2x I)" torr by cryopump.
application of 64 Mb dynamic random access memories Then the argon (as the precursor of Ar') %%as bled through the
(DRAM). However, a charge storage density of >30 fC/Am 2 is ion guns and oxygen was bled into the chamber directly
achievable provided that some extrinsic factors which lowering (molecular ratio of AriO, was I). give rise to a total pressure
the overall dielectric constant can be eliminated, and can be about 4x10•4 torr. The SrTiO, tnin films were deposited onto
used for higher memory density DRAMs. Thin interface layers unheated Pt-coated Si and bare Si substrates. Figure I shows the
were likely present between film and silicon substrate in the case variation of Ba/Ti and Sr/Ti ratio (by current plasma
of metal-insulator-silicon configuration. The overall results spectrochemical analysis) with ion flux density. in which the ion
showed that barium strontium titanate thin films by multi-ion- beam voltage and current for Ti target were kept at 1 1W V and
beam reactive sputtering technique are suitable candidates for 30 mA respectively, and the ion beam voltage for BaO and SrO
DRAM applications, target was at 900 and Il(X) V respectively. The linear

1. Introduction relationship between Ba/Ti or Sr,/Ti ratio and the ion beam
current for BaO and SrO targets provides convenient and

Ferroelectric materials are well recognized to be the flexible control of the film compositions. The growth rates of
promising capacitor materials for ultra large scale integration near stoichiometric barium strontium titanatethin films were
(ULSI) dynamic random access memory (DRAM) applications, estimated to be -13 nm/min. The deposited films were
espezially for memory densities higher than 64 Mb'. The most amorphous, and post-deposition annealing by conventional oven
attractive advantage of ferroelectric materials over conventional was performed in oxygen atmosphere in order to induce
nitride-oxide materials is that the former have much higher (at crystallization. 0.3 mm diameter gold dots were deposited onto
least one order magnitude) dielectric constants. The higher film surface as top electrodes. Low signal dielectric properties
dielectric constant of ferroelectric materials allows the capacitor and capacitance-voltage (C-V) characteristics were measured
remaining to be planar and still naitain high enough charge with HP 4192A impedance analyzer. I-V characteristics were
storage. Thus the manufacturing processes can be dramatically measured using Keithley 617 ampmeter. Time dependent
simplified, dielectric breakdown were measured by RT66A program of

Among numerous ferroelectric materials, barium strontium Radiant Technologies.
titanate (Ba,,,Sr.TiO,) is a promising candidate dielectric 15
material to be used in ULSI DRAMs due to its paraelectric
phase (for x < 0.7) at room temperature and thus no aging and
fatique effects. Besides. Ba,.,Sr.TiO 3 solid solution ceramics has
high dielectric constant at room temperature (K-2500 for
x=0.7)2, low temperature coefficient of capacitance and is a 1 0

thermally stable compound (compared with lead-based
ferroelectrics). Barium strontium titanate solid solution ceramics
also have low dissipation factors (-0.0015 for xý0.5)2 . /.

In this paper, results on barium strontium titanate thin films
including end members prepared by multi-ion-beam reactive m 0.5

sputtering (MIBERS) technique are reported. MIBERS has been a Sr/Ti
successfully applied to the growth of other ferroelectric
materials, such as PZT thin films3. Compared with other
sputtering techniques, it has some inherent advantages such as 00
(a) independent control flux density and energy of the sputtering 10 20 30 40
speices which allows greater flexibility and better control of Beam Cirrent (mA)
process, (b) lower operating pressure (_ 104 torr) ensures better
quality of films, (c) the plasma is localized within the ion sources Fig.1: Variation of Ba/Ti and Sr/Ti ratio with ion beam current
which are away from target and sustrate, so that the unwanted for BaO and SrO target respectively.
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Ill. Results and Discuqiois For thin films deposited at low substrate temperatures (in this
case, at room temperature), tiit structure ot the films are

Figure 2 shows the x-ray diffraction patterns of 1.2 Am films generally columnar structure and contain voids between
for BaTiO,, SrTiO'3 (Ba/Ti and Sr/Ti = -1.03) and columnars. Subsequent annealing may not eliminate these voids.
Ba0 4Sr, 4,TiO,(BST) compositions annealed at W700"C for 2 hrs. The density of voids increases as film thickness decreases and
No alkaline earth oxides or alkaline earth rich titanate phases thus the dielectric constant decreases. However, these factors
were observ-d in all films although the alkaline earth /Ti ratio need to he separated to see the individual effect. The dielectric
are all more than 1. The second phases probably exist in the constant of 219 for 1.2 Am SrTiO, films is consistent with the
form of amorphous phase or crystalline phase but undetectable value of 220 reported for films by ion-beam sputtering using
by x-ray diftraction. The peaks of SrTiO, are much sharper and single target'. This value also approaches the Sri[iO, single
higher, which indicates much better crystallinity than that of crystal dielectric constant of 3W) measured at room tCelperaturt
BaTii0 for films annealed at 7()4"C for 2 hrs. The presence of and I KHzL. It is expected that the dielcciric conutant of thinner
second phase, it it is a low dielectric constant material, will films can reach - 221) provided that the tilhs can be made
affect the electric properties of films which will he discussed without these factors which lowering the overall dielectric
later.The broad peak of BaTiO, fihns may also come from the
pseudo-cubic nature of BaTiO, with very fine grain size and

20 30 40 50 60 ,, It.

20(ege)20 30 40 50 60Fig.2: X-ray diffraction patterns of 1.2 1m films for (a)BrTiO,, PA ....

(b)Ba05,Sr,,..TiO., (c)SrTi0s annealed at 700"C for 2 hrs. Fig.3: X-ray diffraction patterns for 1.2 Am Sr'il'O films
annealed at (a)7W0, (b)B6W', (c)50Y'+C fo)r 2 hrs.

stress on grian boundaries". The extreumey low intensity of the 350 . . . . 1 0
Ba°FiO, films also implies that the crystallization is not as easy30 03 i

as Srq'iO, films at 700"C annealing temperature. v- 07 o rn •
Figure 3 shows the x-ray diffraction patterns for 1.2 Am films 250 6 1 2 Aum C

of SrTIO, by conventional oven annealing at various Z0 200
temperatures for 2 hrs. It can be seen from the relative peak "C 150
intensities that the crystallinity improved with the annealing 0 0 56S
temperature. However, a pure perovskite phase was noticed in r (00 .

films annealed ataall temperatures. The subsequent improvement f 50 r h .
in crystallization with annealing temperature may be ascribed to 350 ton6the increase in grain size as well as reduction of second non- 0

crystalline phase. Often, the presence of such second phase
strongly affects the electrical properties, in terms of the lowering -20 1 1 2 0. 0

dielectric constant. In the present case, it was observed that the
dielectric constant of these films measured at 100 KHz were 81, Frequency (0Hz)

15 1, and 219 fo)r SrTiO3 films annealed at 50(YC, 6R0"C and Fig.4: Dielectric constant and dissipation factor as a function of
7tmr"C respectivelyf frequency for SrTiO2 films of various thicknesses.

Figure 4 shows the dielectric constant and dissipation factor constant. One of the methods may be in-situ crystallizationh
ts a function of frequency for SrTiOv films of various thicknesses which, at least can partly eliminate the surface effect, residual
annealed at 7()0"C for 2 hrs. The dielectric constants measured stress and structure inhom K-geneities. More stichiometric
at 10ct KHz are 99, 127 and 21n for films with 0.3, .7 and 1.2 composition of the films is also very important. No frequency

An thickness respectively. The dielectric constant increases as dependent dielectric dispersion was noticed and indicates the
film thickness increases, which is consistent with other reports in absence of extrinsic electrode contact effects9.
iteratures. Several reasons for lowering the dielectric constants Figure 5 summarizes the dielectric constants and dissipation

with decreasing film thickness are possible, including surface factors for BaTiO3, SrTiO3 and BST films of various thickness
laner effect. residual stress and structural inhomogenieties. The annealed at 70M"C for 2 hrs. Unlike SrTiO r films, the dielectric
surface layer effect may he visualized in terms of an oxygen constants do not increase aes film thickness increases from i .7 to

absorption layer on either surface or grain boundaries and/or 1.2 Am for BaTiO1 and BST films. This difference may he
nonstoichiometric surface layer'. The stress resulting from the attributed to the less crystallinity of BaTiOj and BST films as
different thermal expansion coefficients between films and can he seen in x-ray diffraction pattern (Fig. 2). Miyasaka et
substiates. which are generally thickness dependent, may also all. also reported that for a given crystallization temperature.
contribute to the thickness dependence of dielectric behavior. the degree of crystallization for SrTiO 3 thin films reaching to
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thait of bulk crystal is higher than that tor Bi'iO by i--situ there exists J h+stersis loop. The itLakulatvd tlat-band %ol'i.ge vs
crs stallizat ion via rl-nmagnetrton sputtering. Ihe dielectric sninai ( -0+5 V) and so. the hsteresis mlaxf be attrrib At te o the
constant of BST films for 1.2 am thickness does not show physcial interface layer effect. lhe presenlc ot such intertice
maxima in BaTiO,-SrTiO( solid solutions, as reported by layer can also be realized %%hen we ,oin paie the accuniulatiomi
Miyasaka et al.Ma, mainly due to the incomplete crystallization ot capacitance (175 pF) with the aluLe ot 2H3 p: for .il NI
films. In-situ crvstallizatio n and mo re stoichiometric films are co nfiguratiorn at 0 bias ý,i hage. Although the cr, Stalinht tw hich
needed to increase the dielectric constant of BST films, the work will affect the ,alues of dielectric co nstants as mceltioied betore)
on which is in progress. ot SrTiO, films on Pt-coated St and bare Si ma,, mot he the

Typical C-V characteristics (measured at 10A) KI|z) of both same, the results of X-Ray ditfraction pattern shoii minor
MIM (metal-insulator-rmctal) and MIS (metal-insulator-silicon) differences. The amorphous StO. between lislns ailt Si substrates
configurations are shown in Fig. 6 for 0,3 mrn SrTiO, films oven- was reported for RF magnetron sputtered'2 SrTiO) and excimer
annealed at 704."C for 2 hrs. The C-V characteristics tf MIM laser ablated' Ba,,r 1, JTiO, films. The SiO) intertace la.ier
configuration is found to be almost independent of bias voltage between films and Si can be formed either during deposition or
within the experimental range. The absence ofi hysteresis loop post-deposition annealing processes. During deposition. Si is %en
also indicates the paraclectric nature of SrTiO1 films. The easily oxidized in the plasma enwironment ". It we assume the
charge storage density can be calculated from this C-V lowering of capacitance is due to the low% dielectric constant
measurement, and is found to be 15 fC'in 2 at 5 V for 0.3 tAm (K=3.9) SiO. layer in series with flims, the thickness it this
SrTiO1 thin film+,s. The charge storage densities for 01.7 and 1.2 layer can be calculated toi be -25 A. which is close to the resut~s

utn films cai he siiniL,. ly .:culated to be S.0 and 6.7 fC/,mnZ at (3)0 1(W A) obtained by transmission elecut on microsc.Jpy IF-M)
5 V respectively. Note that the charge storage density is not studies"3 .
inversely proportional to the thickness, due to the thickness The I-V characteristics (measured by KeithleN, 1l7arnpmeter
dependent of dielectric constant. It is expected that chaige with metal-shielded sample box) of SrTiO, films with ,arious
storage density higher than 30 fCmm2 can he achieved provided thickness is shown in Fig. 7. If the film qualtifes are the same for
that the extrinsic effects are minimized, such that the dielectric films with different thickness, the three curses should hase
constant of the films is improved to - 221). Although bulk overlapped and the leakage current should h,".e beeti lineiarlx
BariO, is ferroelectric at room temperature, the C-V inverse to film thickness. The slopes of the curses can be
characteristics of BaTiO, films is similar with Fig. 6, which estimated to be I and 4 for low and high oltage region
indicates that BaTiO, thin films exhibit very little or no respectively. The low voltage region (slope= 1) is ohmic
fcrroelectric property under present processing conditions. The conduction, while the conduction mechanism manu be attributed
C-V characteristics of SrTiO3 films in MIS structure resemble to trap filled space charge conduction at high field region, as the
the ideal C-V curve of metal-SiO,-Si structure11, except that slope >2 normally indicates such mechanism''. The slopes

250 0 20 changed gradually from I to -4 for 1.2 Am films. One can see
0 1 2A- that the behavior of 0.7 um films in Fig. 7 seems to be the

200o 037'r combination behavior of 0.3 and 1.2 pnL films. At low' voltage
0 5 (ohmic region) the conductivity is almost the same as that of R-.3

"jurm films, while at higher fieid:,. it Witlhcs ijo the '.jues of 1.2

,0 Am films. This may imply that the surface laver effect or
2 structure inhomogeneity mentioned previously dominates the I-V

1 G- behavior in the ohmic region, while at higher fields, the eflect
• • is deininished. The leakage current density at electrical field of

n 0 05 ,,, 0.1 MV/cm is calculated to be 5.8, 46 and 38 gA/cm2 for films
with thickness of 0.3, 0.7 and 1.2 Am respectively. Again, the
lower leaKage current density in the case i)f thinner films may be

00 0 00 attributed to the higher density or votd- fir those fi:ms.0{0 0 2 04 06 08 1 0 1

BOT-03 SrT,0 3  
Figure 8 shows the l-Wv iaracteristics of 44.7 Mm films tor the

Fig.5: Dielectric constants and dissipation factors for BaTiO 3, three compositions, in which all curves can be devided into two

SrTiO3 and BST films annealed at 7(0)C for 2 hrs. 10 .

220 on Pt (MIM) 104

* 0 3,um

103 v 074m
L' 200 a 12m0

< 102

1>C!80 on Si (MIS) 0

PQ 10°

0100
a160

140 10 _-

-16-12 -8 -4 0 4 8 12 16 10o 10' 102 to,

Bias voltage (V) Electric field (KV/cm)

Fig.6: C-V characteristics of both MIM and MIS configurations
for 0.3 rm SrTiO3 films. Fig.7: I-V characteristics of SrTiO3 films with various thickness.
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' and Si substrates. The charge storage density and leakage

40 •* current density of 0.3 Mm SrTiO, films are in the range projected
B0 5r3 for 64 Mb DRAM applications'. The electric properties of the

a t0O 3 8 Sra io 3 films can be improved while the extrinsic factors lowering the
0dielectric constant are minimized. Due to the thickness

102 dependence of dielectric constant, the thickness of the films has

10 to be optimized for the application of higher memory density
0 DRAMs. The overall results showed that barium strontium

'3 0titanate thin films by MIBERS technique are suitable candidates
10 for DRAM applications.

I 0(- .
104

10-3 
-

0- * SrTiO
I -4 . . . . .3,, , . . . . .

100 10' 102 103 V B 0 54Sr° 0 4aTO 3

Electric Field (KV/cm) 103 a BaTiO 3
Fig.8: I-V characteristics of 0.7 Am films for the three

compositions. Z
regimes, namely, low tield kohmic) and high field regimes. The
leakage current of SrTiO 3 films in ohmic regime is about 1 order U 102

of magnitude higher than BaTiO 3 and BST films. The slope of
high field regime for SrTiO 3 films is -4, while that for BaTiO 3
and BST is -5. These differences may be attributed to the
structure nature of the films. As mentioned before, SrTiO 3 films - 7-
contain higher degree of well developed crystallines (although 10,
contain some second phases due to nonstochiometry), while i02 01 1004

BaTiO 3 and BST films have lower degree of crystallinity. The Time (sec)
well developed crystallized regions can be regarded as, to some Fig.9: TDDB curves of 0.3 •m films for the three compositions.
extent, stress and defect-relaxed regions. So, the I-V
characteristics of SrTiO 3 films would behave more like bulk ACKNOWLEDGMENT
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CONTROLLED ION BOMBARDMENT INDUCED

MODIFICATION OF PZT THIN FILMS

H. Hu and S. B. Krupanidhi
Matesials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

changed by adjusting the current of cathode tilament ot the ion
ABSTRACT source only, without varying the 0, flow, so that the oxmgen

The properties of PZT thin films can be modified by partial pressure of the deposition chamber was kept the same
low-energy oxygen ion bombardment. The degree of (100) at 0.01 Pa for all the runs. 3 From the ,alues of 1, and the
orientation, remanent polarization (Pr), coercive field (EJ) and measured deposition rates, ion/atom arrival ratio was calculated
dielectric constant (k) of the films were chosen to properly as one of the parameters expressing the bombardment effects.-
quantify the bombardment effect. It was found that these Electron probe microanalysis (EPMA) showed that most ot
properties are strongly dependent on the ion beam flux and such deposited films have nearly the same Pb content (about
bombarding ion energy. The ion/atom ratios between 1.0 and 3% excess relative to the stoichiometry o! PZT pero~skite
1.3 and the bombarding energies within the range of 60 to 80 phase), except for a few deposited at too high F, or 1, which
cV are optimal to realize desirable property modification. are slight Pb deficient. The as-growkn film% wkere annealed at
Relative to the non-bombarding case, the bombardment could temperatures from 550 to 700WC in an oxidizing ambient to
increase the Pr and k by up to 60% and 25% respectively, and achieve crystallization.' The crystallized films were
reduce the EK by about 20%. The improved properties also characterized in terms of structure and electrical properties to
include crystallization temperature, switching characteristics, I-V examine the bombardment effects with reference to the non-
behavior and time dependent dielectric breakdown. bombarded films.

.INTRODUCTION The study was done in the following strategy. First.
effects of the bombardment were qualitatively scanned, and

Controlled ion bombardment of thin films during growth several bombardment-sensitive properties were chosen in order
has long been recognized as an important tool in modifying the to quantify the bombardment effect. Second. the dependencies
growth process, microstructure and properties of resultant of such properties on the bombarding parameters (ion/atom
films.t - Among most of the physical vapor deposition ratio and E,) were investigated, thus defining an optimal range
techniques, intrinsic energetic particle bombardment of the of the bombardment conditions.
depositing films is generally observed. However, in plasma 111. RESULTS AND DISCUSSION
based deposition techniques such as magnetron sputter
deposition, the flux density and the energy of the sputtering A. Qualitative description
species are inseparable, unwanted bombardment is unavoidable The first obvious effect of the bombardment is the
and limited opportunities exist to introduce controlled reduction in crystallization temperature as shown in Fig. 1. Films
bombardment. On the contrary, it is ideal for technique of ion grown with the bombardment at an energy of 75 eV and an
beam sputter deposition to include a secondary low energy ion ion/atom ratio of 1.2 showed a dominant perovskite phase after
bombardment, since it is in this technique that the most annalon at of 2 hw hl films grown ithout te

controllable bombardment can be realized due to the unique bombardment assumed only a pyrochlore phase by the same

features of the ion source (independent monitoring of ion flhx bombardment induce ehanceme
andenegyloalied lama nd owopeatig resure.2 annealing. This bombardment induced enhancement in

and energy, localized plasma and low operating pressure).2  crystallization was expected, since similar results have been
in a recent paper,3 effects of low-energy oxygen ion widely reported for other materials.'t2 The same effect was also

bombardment on multi-ion-beam reactive sputter (MIBERS) observed for PZT films on bare Si substrates. It was found1 that

deposited ferroelectric PZT films has been briefly reported. In exes aou Pb as hg as 20-25%swre needed for near
excess amount of Pb as high as 20-25% were needed for near

this paper, property modification of the PZT thin films by the Pt
bombardment are systematically described.

II. EXPERIM4ENTAL
p.,

The MIBERS was used to deposit PZT films with a

Zr/Ti ratio of 50/50 on Pt coated Si substrates at room I
temperature and at a deposition rate about 18 Aimin.3 During
the deposition, the growing films were directly bombarded by - Per Pe, p.

. (00j11 j (002' pecr.
a low-energy oxygen ion (02/O+) beam from a 3-cm Kautman 2.

ion source in single grid configuration. The beam was directed
to the substrates with an angle of incidence at about 250 from PyrtZ22l

the normal of substrate surface. To compensate for the Pb (. 2

resputtering by the direct bombardment and maintain nearly the - ''14401

same Pb content in the deposited films, the Pb flux was
increased by about 15-19% excess (relative to the non- 20. 0 o. . . 60

bombarding case) depending on bombarding conditions.' This 28 dq

was done by increasing the voltage and current of the sputtering Fig, 1. XRD patterns of the filrms, annealed at 550"C
ion beam of the Pb target. While all the other deposition for 2 h: (a) deposited without the bombardment; (b)
parameters were fixed the same, the bombarding ion energy deposited with bombardment at E, = 75 eV and
(Eb) and beam flux (Ib) were changed, one at a time, from run ion/atom = 1.2.
to run to render different bombardment conditions. The 1b was
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morphotropic phase boundary composition PZT films on bare.. . . '
Si substrates to attain perovskite phase by post-deposition
annealing, and it was hard to induce perovskite phase in PZT Per,)
films of near-stoichiometric Pb content (about 3% excess Pb)
on bare Si substrates as shown in Fig.2.a. However, the PZT
films of the same Pb content on bare Si substrate and annealed 20Pe(200)

at the same condition assumed a dominant peroVskite phase C 3

when the film growth was assisted by secondary ion per Per P t PerII 2
Ptr

Pe 100 , .,1. . . .• , I
Per Per 20 30 40 50 60

-per) (002) 1mm•,r "21 b, 2,0 30

2e (deg
0
-Z• Pyr Fig. 3. XRD patterns of the films deposited (a)

Py, Pyr without bombardment, (b) with bombardment at Er =
too) ,°4o, (-" 80eV and ion/atom=1.l, and (c) at EL,=S0eV and, ,O•,, • ,l oniatomý 1.4. (annealed at 580)"C)

20 30 ,40 5 60 orientation of film upon instantaneous release during post-
28 •deg.) deposition annealing."

Fig. 2. XRD patterns of the films with near- Scanning electron microscopy shows the films grown with

stoichiometric Pb on bare Si and annealed at 650'C secondary ion bombardment showed denser structure and

for 2 h: (a) without the bombardment; (b) with the smoother surface than the non-bombarded ones. According to

bombardment at E,=75eV and ion/atom= 1.2. molecular dynamics simulations, the densification by off-normal
incident ion beam bombardment was thought to be a natural

bombardment, as shown in Fig.2.b. Such crystallization consequence of the bombardment.' The surface smoothness
enhancement may in part be attributed to enhanced adatom would, of course, be improved with film density. Besides,
mobility by the bombardment. Muller visualized the possible enhanced adatom mobility makes a significant contribution to
mechanism for such effcrt in molecular dynamics simulations of smoothing the surface., The other aspect of the surface

crystal growth.2 Low energy ion bombardment provides local smoothing might be a consequence of resputtering. Since the

atomic rearrangement allowing atoms to relax into lower energy sputter yield is strongly dependent on the angle of incidence of
sites. In the present case, although the as-grown films were sputtering species, the result of energetic bombardment during
mainly amorphous, it was quite possible that nucleation may deposition is often that topographical features which protrude
have been initiated during deposition by these local atomic up from the rest of the surface plane are more rapidly etched
rearrangement and relaxation, so that some micro-crystallites than the flat surface, resulting in a smoother and more
have already existed in the as-grown films although they were featureless films.2

too small to be detected by x-ray diffraction (XRD). In Figure 4 shows the evolution of both remanent
addition, enhanced incorporation of oxygen in the films by the polarization (P,) and coercive field (E,) of both kinds of the
reactive oxygen ion (O+/O÷) bombardment, as similarly films with annealing temperature (T.). It can be seen that for

reported.4 may be the other reason for this crystallization each T. the bombarded films have higher P, and lower E, than
enhancement. It has been noted that sufficient oxygen
concentration is crucial for PZT films in forming and 1 5 E0 No'Borbordment

maintaining the perovskite structure.5 It may also be worth E m

mentioning that the as-grown amorphous films may have stored C b- 125 -

some extra energy due to the bombardment which may tend to 0 20 O u
be released during annealing process.6 This would tend to lower U 25 100 >
the minimum annealing temperature of the films as well. c 20 0o- .

Figure 3 indicates that while non-bombarded films 75

usually exhibits a random orientation with the XRD pattern 15
similar to those of randomly oriented PZT ceramics, 0 >
bombarded films can assume preferred (100) orientation. The . toP No Bombardment

degree of such preferred orientation seems highly dependent on R / Bombarded 2 0

the bombardment conditions (Fig.3(b) and (c)). This effect has E 5
E/

often been attributed to the occurrence of recrystallization 0o
associated with channelling. Since there was no appreciable in- 500 550 600 650 700 750 800
situ crystallization in the present case, it is thought that this Crystallization remperature ( C)
preferred orientation might initiate from the possible in-situ
nucleated micro-crystallites (as so mentioned above) which
would act as seeds for the following crystallization. The other Fig. 4. Evolutions of Pr and E, of the films (7(XX)A
possible reasons may he associated with bombardment induced thick) with annealing temperature. Bombardment
anisotropic stress7 and the bombarding energy stored in the as- parameters were E, = 75 eV and ion/atom = 1.2.
grown amorphous films 6 which may tend to cause a preferred Measuring frequency was 60 Hz.
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the nn-bonmbarded filnis. Ine following reasons were noted induced Pb deficiency by the high ion flux, ais resealed hb
responsible for tl,5 superiority of the hombarded films: a) EPMA.
better crystallinity for each corresponding T, since the Figure 6 shows the P, and E ,alues as functions of the
bombarded films started to form perovskite phase at lower ion/atom ratio. Basically. the curve of P, versus ionatom ratio
temperature, b) higher degree of ( 1M) orientation, and c) follows a trend similar to that of orientation in Fig.5. although
better electrode-film interfaces attributed to denser and it increases more steadily over the entire lower ionatom region
smoother film surfaces. Therefore, degree of (IM0) orientation (from 0 to 1.3). It may he noted, however, that the peak
and values of P, and E, were chosen as he basic bombardment- position of ionatom ratio is shifted to about 1.3, compared to
sensitive properties to quantify the booniardment effect. Low- 1.4 for the preferential orientation. This discrepancy may be
field dielectri, response, i.s a highly structure-sensitive stress related, since the films deposited at ion/atom ratio near
property, was also examined 'ersus bombardment parameters. 1.4 seemed highly stressed, as evidenced by the fact that thicker
However, the effect of reduction in crystallization temperature films (about 5000 A) of this condition tended to buckle off after
(Tc) is not suitoble to be used as a quantitative parameter since crystallization. It has been noted that the stress and preferential
in the present case r, can not be easily defined and detected orientation are often highly correlated.2 The further decrease in
due to the limit in sensltivity of XRD.

In addition to those mentioned above, some other 25 1 00
electrical properties such as switching characteristics, I-V
behaviors and time dependent dielectric breakdown were also E * P
found strongly affected by the bombardment, and are reported "' 20 i

elsewhere.-
o80 >

B. Bombarding-flux-dependent properties . 5 1

The following results are based on films with similar 70 _v\ 70
thicknesses ranging from 17(W) to 21(M) A. and the same U _0 /3
annealing condition (580"C for 20 min). a 60..C60

Figure 5 shows the XRD intensity ratio V m
I I w,)/(Iý + •+lC ) of the crystallized films as a function of the c 5 U
ion/atomn ratio. For clarity, it is worth mentioning that in the E Eb = 80 eV 50

present case "ion" denotes both O, and O*, and "atom" 0.1
includes Pb, Zr and Ti. It is noted from Fig.5 that the degree of 0 0.5 1.0 1.5 40

100) orientation increases monotonically within the range of Ion/Atom Arrival Ratio

1.0 1 Fig. 6. Remanent polarization and coercive field of

Eb= 80 eV the films as functions of ion/atom ratio.

. Pr with ion/atom> 1.4 was again thought to be the consequence
+ 6 of Pb deficiency. It can also be seen from Fig.6 that the E,

/ changes with ion/atom ratio the other way against the Pr, This
0 fact is of great significance as it allows optimum conditioning to
0 attoin as high P, and as low Ec as possible simultaneously.

04 The dielectric constant (k) of the films at 100 kHz also
showed a strong dependence on the ion/atom ratio, while the

o dissipation factor (tan6) remained in the vicinity of 0.02 (Fig.7).
Again, the k curve roughly mimics the Pr curve or orientation

0.0 1000 008
00 0.5 1.0 1.5 2.0 * K O -"O

Ion/Atom Arrival Ratio 800

Fig. 5. XRD intensity ratio I 4/(l00l( 0+l~j:0)) of the . 0.06
crystallized films as a founction of ion/atom ratio.

C.) 0 4
ion/atom ratio from 0 to about 1.4, gradually from 0 to 1.0. and " 0.04 C

sharply from 1.0 to 1.4. Afterwards, however, it steeply Q 400 a
decreases with ion/atom ratio. The trend of the evolution of,

preferential orientation with ion/atom ratio in the region lower 20 m /02 0
than 1.4 is consistent with the behaviors of low-energy ion 200
bombardment modified properties in general,2 and confirms the E, = 80 eV
strongly flux-dependent nature of the bombardment effect. It is 0 0.00
of interest to note that there is a highly sensitive range between 0.0 0.5 1.0 1.5 2 0
1.0 and 1.4 of ion/atom ratio, which may be of particular Ion/Atom Arrival Ratio
importance in practice of property moodifications. The abnormal Fig. 7. Dependence of dielectric constant (k) and
steep decrease in the degree of (100) orientation in the higher dissipation factor (tan 6) of the films (at 100 kHz) oin
ion/atom niatio region ( > 1.4 ) was presumably attributed to the ion/atom ratio.
deviation in the film sto ichiometry, namely the resputtering-

311



curve, except for a little further shift in the peak position
towards the lower ion/atom side and some broadening of the
peak. Comprehensively, the ion/atom ratio for optimum RE CES
combination of Pr, E, and k in the present conditions seems 1. J.E.Greene, S.A.Barnett, J.-E.Sundgren and A.Rochett,
within the range from 1.0 to 1.3. Relative to the non- in Ion Beam Assisted Film Growth, edited by T.Itoh
bombarding case ( zero point of ion/atom ratio ), the (Elsevier, Amsterdam, 1989), p.10 1.
increments in Pr and k could bL about 60% and 25% 2. E.Kay, S.M.Rossnagel, R.A.Roy, D.S.Yee, K.-H.Muller
respectively, while the reduction in E, ,-ould be about 20%. and R.M.Bradley, in Handbook of Ion Beam Processing

While the ion/atom ratio was kept constant at 1.28, the Technology, edited by J.J.Cuomo, S.M.Rossnagel and
bombardment effect was also studied in terms of P, and E, H.R.Kaufman (Noyes, Park Ridge, New Jersey, 1989),
versus the bombarding ion energy Eb. The results were pp.170, 194, 241, 300.
summarized in Fig.8. It is shown that for Ebs from 60 eV to 80 3. S.B.Krupanidhi, H.Hu and V. Kumar, J. Appl. Phys. 71,
eV, Pr had almost equally high values of about 20-22 /C/cm 2, 376 (1992).
while beyond 80 eV it continuously decreased as Eb increased. 4. J.M.E.Harper, J.J.Cuomo, and H.T.G.Hentzell, J. Appl.

Phys. 58, 550 (1985).
5. R.N.Castellano and LG.Feinstein, J. Appl. Phys. 50.

4406 (1979).
6. S.V.Krishnaswamy, R.Messier, P.Swab, L.L.Tongson, and

K.Vedam, J. Electron. Mat. 10, 433 (1481).
- 7. D.W.Hoffman, Thin Solid Films 107, 353 (1983).

-- 8. R.Messier, T.Takamori and R.Roy, J. Non-crys. Solids 8-
"10, 816 (1972).

, 9. A.K.Jonscher, in Physics of Thin Films, Vol.11, edited by
G.Hass and M.H.Francombe (Academic, New York,

* 1980), p. 205

10. H.Hu snd S.B.Krupanidhi, in this issue of the. .proceedings.

Fig. 8. Variation oif remanent polarization and
coercive field with bombarding ion energy.

Therefore, it seems that, within the range of experimental
condition explored in the present work, the bombarding
energies between 60 and 80 eV are optimal to realize effective
property modification. Higher Eb was not suitable because it led
to significant Pb resputtering,3 which may have resulted in less
effective bombardment for desirable modification 2 as well as Pb
deficient in the films (observed by EPMA in the case of 110
eV).

IV. CONCLUSIONS

low-energy oxygen ion bombardment was successfully
used to modify and enhance the physical properties of
ferroelectric PZT thin films. The degree of (100) orientation,
remanent polarization, coercive field and dielectric constant of
the films were chosen to properly quantify the bombardment
effect. It was found that these properties are strongly dependent
on the ion beam flux (characterized by ion/atom ratio) and
bombarding ion energy, and the ion/atom ratios between 1.0
and 1.3 and the bombarding ion energies from 60 to 80 eV are
optimal to realize desirable property modification.
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MICROWAVE ASSISTED LOW TEMPERATURE SOLID PHASE

CRYSTALLIZATION OF FERROELECTRIC THIN FILMS

Jiayu Chen, K. R. Udayakumar, and L. E. Cross
Department of Electrical Engineering & Materials Research Laboratory,

The Pennsylvania State University, University Park, PA 16802

Abstract In contrast to microwave heating, conventional
Sol-gel derived ferroelectric thin films (PZT, heating takes place by radiation. There is a positive

PLZT) have been successfully processed using the novel temperature gradient from the surface of the sample to its
interna heating b ensuchanismsofu rowesed u henoer. interior, which is not desirable in many cases. The
internal heating mechanism of microwave energy. overheated surface can cause strong reaction, change the
Pyrolysis and crystallization of films in the microwave stoichiometry, and form a surface layer. Another

field was fast, and showed good selectivity. The nature disadvantage of a heating i ns tie
of eroel lay animprtat rle n te prolsisand disadvantage of conventional heating is unselective

of xerogel plays an important role in the pyrolysis and heating; that is, the heat flux is merely related to the
crystallization of these films because of good coupling of distance of the sample from the surface rather than the
the microwave with these dipole containing species. The material properties. The microwave heating technique
microwave processed films exhibit respectable dielectric can overcome these two drawbacks. This is because the
and ferroelectric properties. heat generated by microwave is due to the dielectric loss

of materials.
In sol-gel processed thin films, prepyrolysed gel

]llrftiiLCIf, lJ. films contain many polar ionic groups, such as

The potential applications of ferroelectric th fim CH 2CH 2OCH 3, and other metal alkoxide polymers.
in microelectronics and micromechanics has been These polar groups vibrate thermally and nonthermally

under the electromagnetic field and are good microwaveextensively researched in the past few years. It is a well absorbers. Microwave energy couples to sol-gel films

established fact now that the quality of ferroelectric thin a si at rooate and hes th e filmt

films is directly related to the fabrication process. A temperature; microwave energy couples with pockets of

number of studies have shown, for instance, that rapid crytaled regions ine fim pied byth dieletric
theral nnelin (RA) s deirale n tin ilm crystallized regions in the film, aided by the dielectric

thermal annealing (RTA) is desirable in thin film dissipation, to form grains until crystallization is

processes; it supresses interface diffusion and dsiain ofr risutlcytliaini
evaporatino f sib suprssesinterface elements[ n a completed. Many substrate materials, such as metals and
evaporation of possible surface elements [e]. quartz, are poor microwave energy absorbers [5,6].

c Me use of microwave energy for the sintering of Metals, for example aluminum and platinum, are good
ceramics, although a relatively new development, has conductors which reflect microwave effectively. On the
proliferated in recent years [2,3s. The potential of other hand, quartz and fused silica are almost microwave
microwaves for reducing the processing temperature and transparent at a wide temperature range. Ferroelectric
maintaining uniform microstructure compared t thin films have great potential in being used as "smart
conventional sintering techniques has been demonstrated coatings". Therefore, it is of interest to study the
unequiv,- illy. This has been attributed to higher possible approaches to obtain high quality film coated
diffusion and lower activation energy for sintering that is composite.
characteristic of microwave energy. Fast heating speed The objective of this research has been to explore
as well as higher diffusion rates that are associated with the obility of usis rese en to proemicrowave heating may be the reason for low temperature the feasibility of using microwave energy to process
micrystallizationg pro bes. The mireasolowa sntemerd Tand ferroelectric thin films with different substrates. Thecrystallization process. The microwave sintered PZT and poesn n rpriso Z n LTti im

PLZT ceramics have shown some superior properties processing and properties of PZT and PLZT thin films
compared to conventional sintering [4]. However, with microwave treatment are described in this paper.
although the use of microwave energy for sintering Further details will be published elsewhere.
serves to accelerate the process, due to the poor coupling
between the microwave and the materials at room
temperature, preheating the material upto a critical
temperature at which it starts to couple effectively with The films were fabricated on platinized silicon by
the microwave is still a problem, especially at the low the sol-gel spin-on technique; the details of the procedure
frequency of 2.45 GHz. Long time is expended in has been outlined in Reference 7. The samples were
heating the samples to the critical temperature range, placed in the microwave cavity of a commercial 800 W
above which the dielectric loss of materials increase microwaith oven (2.45 GHz). The temperature was

drastically, and consequently, rapid heating occurs.

CH3080-0-7803-0465-9/92$3.00 ©IEEE 313



measured by a thermo-couple which contacted the surface couple microwave at a lower temperature range and bums
of the samples; to overcome the electromagnetic field off at higher temperatures. This is an advantage in using
interference of microwave, the actual value of the microwave to treat sol-gel derived thin films. The
temperature was noted immediately upon switching off temperature difference measured between the substrate
the power. The temperature versus time curve is shown and the surface of the films was larger than several
in Figure 1. hundred degrees which proves the selective feature of

The heated samples were characterized by x-ray microwave heating.
diffraction (XRD) to determine the crystalline phase; the Crystallization of thin films is a function of the
microstructures were examined by scanning electron local annealing temperature. The local temperature
microscope (SEM). Sputtered gold and/or platinum, over depends most importantly on the local dielectric constant
a 250 gim x 250 mim area, served as the top electrode of and other properties, such as heat capacity and density;
the films, forming metal-insulator-metal (MIM) capacitor the temperature in turn affects the local dielectric constant.
structure for electrical characterization. The dielectric The XRD patterns, displayed in Figure 2 as a function of
properties were measured by HP4191A impedance temperature, reveals that the film is completely
analyzer, and the ferroelectric polarization by a modified crystallized when annealed at 5W00 C for 5 minutes. The
Sawyer-Tower circuit. enhanced crystallization characteristics were most likely

the result of the extremely fast heating rates achievable by
the unique direct heating and nonthermal excitation

Results and Discussion mechanism. Fig. 3 illustrates the x-ray diffraction pattern
of PZT films coated on NiTi alloy substrate.

A constant microwave power input was applied.
In the first few seconds, the temperature of the film rose
very rapidly; the temperature shot up to 300 OC within 3- ., PZT
5 seconds and then slowed down. This is different from
the sintering of bulk materials; the films have a large
surface area for heat dissipation, and small mass. During P
microwave sintering, heat is generated from within the
material; larger the sample area, faster is the heat -

dissipated. At a given input power, the sample reaches
an equilibrium temperature. This feature is helpful in 520"C

preventing a fast thermal runaway and controlling the
processing temperature. Thermal runaway is not desirable -0o1C
in the pyrolysis and crystallization process of thin films -

since temperature control is difficult, and can cause so
overheating, even partial melting of the specimen.

Figure 1 is a plot of the film surface temperature as 2 0 (Degrees)
a function of time. The rapid rise in temperature proves Figure 2 XRD patterns of the PZT films microwave
that the gelled films contain polar groups which have annealed in the range of 480-520 OC for 5 minutes. The
good coupling with microwave energy. Polymer films are completely crystallized by 500 oC
components can be considered as sintering aids which

1200-

1000 Thermal runawav Z .
800

16 a
S600 a'

L.-I
4- 400 -'-,- -

9A%
200-a

0 -

10 0° 10 1 10 2 103 104
Time (s) 20 30 40 s0 60

Figure 1 Plot showing the surface temperature of the film 2 0 (Degrees)

as a function of time. Note the three distinct regions in Figure 3 XRD pattern of PZT film on TiNi shape
the temperature profile. memory alloy substrate.
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Figure 4 Planar SEM micrograph of PZT film
microwave annealed at 500 0C for 5 minutes.

The microstructure of the sample, shown in Figure
4, is a testimony to the ability of the fast themal process
to produce high quality microstructure. Using a linear
intercept method, t!ue average grain size of the microwave
processed films was found to be 0.1-0.2 pIm. The
uniform microstructure accrues from the microwave field
interacting with the material at the molecular level and
exciting more nuclear sites than simple thermal excitation.

Figure 5 is a plot of the dielectric permittivity and
loss factor (tan a) of 0.48 gm thick PZT films against
microwave annealing temperature; the dielectric constant
and tanaJ were 820 and about 0.03 respectively at 5300C,
which are comparable to the conventionally processed Figure 6 Polarization-Electric field hysteresis loops of
thin films. The P-E hysteresis loop oscillographs of the PZT (top) and PLZT (bottom) thin films
films constitute Figure 6; the remanent polarization show
respectable values of approximately 9 jC/cm 2 and 6
jiC/cm 2 for the PZT and PLZT films respectively.

1000 0.20 Conclusions
PZT

S 750-0.15 PZT Sol-gel derived ferroelectric thin film s, such asS750- -0.15
PZT and PLZT, have been processed by microwaveC

500 energy; the attractive feature of the process resides in
S500- 0.10 quickly completing the pyrolysis and crystallization steps.

The pre-pyrolysed gel films have good microwave
absorption which may be attributed to the existence of

. 250 . 0.05 polar groups in the films. Selective heating is another
ý_ unique characteristic of the microwave process which

0 1 1 •......... . r • . 0.00 holds promise for composite materials fabrication.
470 480 490 500 510 520 530

Temperature (*Q)

Figure 5 Plot of weak field dielectric constant and loss
factor as a function of annealing temperatures
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PREPARATION OF LEAD-ZIRCONATE-TITANATE THIN FILMS BY REACTIVE RF-MAGNETRON
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DEPT. OF ELECTRICAL ENG., NATIONAL DEFENSE ACADEMY, YOKOSUKA 239 JAPAN
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Abstract Ti
As-sputtered ferroelectric lead-zirconate-

titanate (PZT) thin films were prepared on a 5mm i
Pt(800nm)/Ti(350nm)/SiO2(150nm)/Si(100)
substrate at a comparatively low temperature 0.5mm Pb
around 5000C. The compositional variation of
Zr/Ti ratio in the deposited Pb(Zro.s3TiO.47 )03
film were discussed as a function of rf-power,
sputtering gas pressure and substrate .r
temperature. Dielectric constant in a 2.Oum- Zr
thick film was Es = 370 by an oscillation
level of 1V at 60 Hz. The remanent polarization
polarization and the coercive field were
5.2 uC/cm2 and 20 KV/cm, respectively.

41. Introduction 41.08mm

Lead-zirconate-titanate, Pb(ZrxTil-x)03,
thin films have attracted much attention for 90.00mm
non-volatic randam access memory (ferro-RAM)
for their polarization reversal Fig. 1 Shematic figure of the multi-element
characteristics by electric field and for target
dynamic-RAM capacitors due to their high
dielectric constants compared with SiO2 on Si. of Zr ratio in the Pb(ZrxTil-x)03 component,

Several deposition methods have been wher solid an the lines (03 showent,
reported using mixed oxide powder of PbO and where solid and broken lines (marks) show the
TiO2 , Pb(ZrxTil-x )03 ceramics target'' calculation using the coefficients of
and metal target2.3). The mixed oxide powder sputtering of 350 and 700 eV, respectively.
supperting has disadvantage such as the The quantity of Pb became slightly larger in
difficulty in applying a large rf-power due PbZrO3 than in PbTiO3. From calculation, the

to the low melting temperature of PbO. diameter of Pb metal was 41.08mm and the
The ceramic-target sputtering has also outside and inside diameters of Zr metal were
Theceamic-taret suchasputtering has a90.00 and 41.08 mm, respectively in the case

fabricating a large target, the difficulty of 350 eV (correspond to the rf-power of
in applying a large rf-power due to the low 100 W). The 21 pieces of Ti metal (5x48.92x
thermal conductivity of ceramic target, and 0.5 mm) were prepared in the case of
thermalth conductivitydoftcerami t, ar Pb(Zro. 5 3 Ti 0.47)03 composition and rf- power
as a both common disadvantage, poorof00.
compositional transferability from the target of 100 W.

to thefilm.Table 1 shows the fabrication conditionsto the film.

In this paper, Pb(Zr 0 . 5 3 Ti 0 . 4 7 )O 3 (MPB)
thin films were prepared by a reactive rf- [x103]5.0
magnetron sputtering in Ar:0 2 = 50:50 pre-mixed [Zr 3OeV
gas using Pb, Zr and Ti metal targets. Metal ---- 700eV
target sputtering has several advantages -"/
compared with the abovementioned other E40
sputterings ; 1) highly stability and purity E

of target, 2) possiblity to apply a large rf-
power due to the high thermal conductivity. 23.0-
However there existed some complexities
related with sputtering coefficients of C

metal used as a target. 0
E2.0-
0

42. Experimental procedure Pb
Typical schematic diagram of the multi- 0

element metal targets is given in Fig. 1. a1(
The diameter of metal Pb and the ratio of
the Zr/Ti area were determined by the
modified Sigmund's method6) ; 1) coefficient _ ______________

of utilization for target (magnetic flux 0. 50 0
distribution), 2) coefficient of sputtering Zr Ti
for Pb, Zr and Ti metal (calculated by 350 and Molar Fraction of ZrMetal(%)
700 eV as a Ar/02 = 50/50, 3) Pb diameter due
to Pb/(Zr+Ti)=I/1, 4) ratio of Zr/Ti. Fig. 2 Calculated area of l'b, Zr and li
Figure 2 shows the calculated areas of metal as a function of Zr mole ratio
component metal (Pb, Zr and Ti) as a function in lPb(Zrx'ri1-x)03

CI 13090-0-7803-0465-9/92$3.(0 ©IEEE 317



SPeW0marked by - )in the lower half-part of the

Temperature ('C0 600 PZT film werc predominant. The PZT film was

Gas Pressure ýPa: 1 0 1 0 uni formly shrinkaged, because the compressive
Sputtering Time M.n 15 2 and tensinal forces maintained the balance.
Target Suosltrale 0,siac (s*; 35 35 On the other hand, in the PZT film/Si(100)
Sputtering Gas Ar Ar configuration, i.e. without the lowder
Thickness_ 3500_ 80_0 _ electrode of Pt. the compressive force in PZT

film was predominant and as a result PZT film
Table I Sputtering conditions for Ti and i't was uunded with a concave surface.

films as lower electrodes

RF Po.er -200 3. Results and discussion

Temperal.re c > o5-550 Figure 4 (a) and (b) show the X-ray

Gas Pressir par, 06-40 diffraction pattern (XRD) of as-sputtered
Sputtering TinLe .In I n3-10D PZTS3/47 film on (]l!)Pt/(010)Ti/SiO2/Si(001)
Target Suus:&•± D r,- m) 35 and on non-oriented Pt/(0l0)Ti/SiO 2 /Si(001).
Sputlrmeng Gas ArL- 50 5 The relations of XRD peak intensities in Fig.

4(b) were the same as those of powder pattern
in PZT53/47, i.e. the (101) peak was most

Table 2 Sputtering conditions toi as-sputtered strongest and this PZT53/47 film was
ZT5E3 /4 7 f iIm identified as a non-oriented film, while in

the case of PZT53/47 film on (111)Pt, the XRD
of Ti and Pt lower electrodes on SiO2/Si intensity of (111) peak from PZT became
substrate. The Ti film was (010)-oriented. stronger compared with other XRD peaks, i.e.
The Pt film was (ll)-oriented and the the (111) orientation of PZT film became
rocking curve, 20, of (111)-oriented Pt film dominant.
was 0.085. Table 2 shows the fabrication
conditions of Pb(Zro.53Tio. 4 7 )03 (PZT53/47) (a) 2-

film. As sputtered PZT53/47 film were
a perovskite single phase by the substrate ,5.
temperature above 500*C, a pyroclore single
phase below 450"C and a mixed phase from . - -

450 to 5000C. The typical deposition rate
of as-sputtered PZT53/47 film was 0.26 um/h 5 - -
by a rf-power of 100 W and 1 Pa. • .

The film configuration in this study was
a Au/PZT film/Pt/Ti/SiO2/Si(100) substrate. 0 ,' ,
Figure 3(a) and (b) show the stress and 2 ,, d a

displacement distribution in PZT (1OOOnm)/Pt
(300nm)/Ti(1OOnm)/SiO2(lOOnm)/Si(lmm) (b) 2
substrate,when cooled to 25*C from 5ookc
by a finite element method. The compressive1

force (marked by ++ )in the upper half-part o

of the PZT film and the tensional force 4- - I

"(a)"--.. .

'' PPZT • " (:
4 .2.. ~ '= - 0 5 0 .5 50 t5

"* " - -- - - : - - - - - -3Ti

- Fig. 4 XRD patterns as sputtered PZT53/47
films on (jll)Pt/(0l0)Ti/SiO2/Si

Si (a) and on non-oriented Pt/(010)/

SiO2 /Si (b)

(b) Various characteristics depend on
7-- - strongly the composition in Pb(ZrxTil-x)03p

-, i.e. Zr/Ti ratio. The composition near the
-: -.. - - - Zr/Ti=53/47 is well known as a MPB and a

mixed phase of tetragonal and rhombohedral.
---- : -- . .- r-: . - i. - , The chemical composition of the deposited

-- • - " -" film was identified by the XRD method ; d
constant( ) and 26 of XRD was almost linearly

, ,, ,changed by the x in Pb(ZrxTii-x)O3, as shown
in the measured values (white circles and
squares) of Pb(Zro. 5 3 Ti 0. 4 7 )03, PbTiO3 and
PbZrO3 powder as a reference in Fig. 5,

Fig. 3 (a) stress (b) displacement while the chemical composition of the

distribution in P'ZT film (ure))/ deposited film depends on the area of metal
!'t(300nm)/Ti(]O0nm)/SiO2(100nm)/ (Fig.1) calculated by the coefficients of

Si(1000um) sputtering for individual metal. The d-

(a) (b) constant and 20 from the (111) XRD peak

compressive stress 4-4 solid line :5O°C in PZT film prepared by a rf-power of 100 W

tensional stress - broken line 25%C , a sputtering gas pressure of 1 Pa and a
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Physical vapor-deposition techniques such as plasma and ion range of properties which are available via the multicomponent
beam sputter-deposition and pulsed laser ablation-deposition are oxides are current;y not being exploited in microelectronic devices.
extensively used for synthesizing single and multicomponent and The reason is primarily because of the difficulty in reliably producing
multilayered thin films, particularly multicomponent oxide device-quality films directly on large semiconductor substrates, in a
ferroelectric thin films. The optimization of deposition conditions, thus way that is fully compatible with existing semiconductor process
film composition, microstructure and properties requires a good technology. As it has been pointed out in recent reviews 121, these
understanding of the basic phenomena involved in ion and laser-solid
target interaction and related processes such as sputtering, ablation, requirements have not yet been met, despite studies of a variety of
transport, and deposition of material onto appropriate substrates. Basic deposition processes. Various vapor phase deposition techniques
phenomena related to these techniques and their influence on [plasma and ion beam sputter-deposition (PSD and IBSD
processing-composition-microstructure-property relationships of respectively), pulsed laser ablation deposition (PLD), electron beam
ferroelectric thin films are discussed in view of recent experimental or oven-induced evaporation for molecular beam epitaxy (MBE), and
and theoretical work performed by several groups, with the ultimate chemical vapor deposition (CVD)] have been applied to produce
goal of optimizing the mentioned deposition techniques and scale multicomponent oxide thin films (see refs. [3-51 for recent reviews).
them up for application in the fabrication of ferroelectric thin film- Currently, a large part of research efforts on multicomponent
based devices, oxide films is directed at establishing suitable synthesis/processing

methods, and at investigating processing-microstructure-property
relationships. Physical vapor-deposition techniques are among the

Introduction most utilized methods currently applied to the synthesis of
ferroelectric thin films. Plasma sputter-deposition (PSD), ion beam

Intensive research on the synthesis, characterization, and sputter-deposition (IBSD) and pulsed laser ablation-deposition
determination of processing-microstructure-property relationships of (PLAD), three of the most extensively used techniques are the
multicomponent oxide thin films has been performed during the last subject of this review.
five years on the new oxide high temperature superconductor
(HTSC) materials, and on ferroelectric and electro-optic Plasma Sputter-Deposition: Systems. Basic Deposition Processes
multicomponent oxides. Research is being performed to develop and Films Characterization
both the scientific bases for the synthesis and characterization of
oxide films and the technological applications to devices. Several variations of the plasma sputter-deposition technique

There are various areas of scientific interest related to the have been developed and are still under investigation to produce
study of oxide thin films, which can have important implications for multicomponent oxide thin films, including HTSC, ferroelectric, and
technological applications of these materials in manufacturing electro-optic materials. The development of plasma sputter-
advanced thin film-based devices. The areas of interest include: deposition techniques for the application described in this review is
- New properties or phenomena (especially via heterostructures and being done with a view at using them not only in research
superlattices). laboratories, but also for applications in the industry for
- High permitivities such as those characteristics of ferroelectric manufacturing thin film-based devices. In the later case, the
mateiials, which result from their high spontaneous polarizations, development of automated systems for the production of oxide films
partly originated in the atomic structure of the material and partly as a in an integrated deposition/processing cycle will help meet the
result of polarization reversal in the presence of an electric field requirements for large scale integration of oxide materials in the
applied on either a macro- or a nano-scale (relaxor materials). fabrication of oxide/semiconductor thin film-based devices.
" Higher permiavities achieved via modulated structures. A manufacturing process for producing multicomponent
"* Induced birefringence using a "superalloy." oxide thin films should at least include the following characteristics:
" Metal - metal oxide heterostructures. (1) applicability of the processes to deposition of materials with
"* Field induced ferroelectric - antiferroelectric phase transition in different physical and chemical properties, (2) compatibility with
ferroelectric materials, such as that observed in certain lead zirconate integrated device processing, which includes production of as-
titanate (PZT) and lead lanthanum zirconate titanate (PLZT) solid deposited films with specific microstructures (perovskite, for HTSC,
solutions. ferroelectric and electro-optic materials) on substrates at the lowest
- Low permitivity dielectric (:52) materials, which are required for possible temrperature, (3) production of device-quality, epitaxial
use as substrates and interlayers in microwave devices. One method films with specific properties (high transition temperature Tc and
of engineering low permitivity materials is to produce porous critical currents, for HTSC thin films; high electrical polarizability for
(composite) materials, which can be achieved by vapor phase ferroelectric materials; or high light transmission coefficients for
deposition under controlled conditions. electro-optical thin films) (4) simple and low cost deposition with

The technological importance of multicomponent oxide capacity for high deposition rates, (5) ability to produce patterned
ferroelectric thin films is reflected in the wide range of applications in structulres, superlattices and layered heterostructures, and (6)
microelectronic hybrid and discrete devices, which are currently reproducibility of the deposition process.
under investigation [1]. It is of value to consider their current Basic phenomena occurring during the interaction of plasmas
application in discrete devices, which utilize the full range of bulk with the targets and substrates, used to synthesize films, are
oxide properties, including dielectric, ferroelectric, piezoelectric, important in that they can determine to - ,e extent the composition,
electrostrictive, pyroelectric, optical, electro-optic and magnetic microstructure and properties of t*,e (: ns. Therefore, a brief
properties, as well as electronic and ionic conduction. Applications d'iscussion of basic plasma-material : -.raction and transport of
include multilayer capacitors, boundary layer capacitors, varistors, s;pecies through the plasma is presented when describing the plasma
PTC devices, NTC devices, gas sensors, radiation detectors, :;putter deposition technique. A more extensive review can be found
temperature sensors, transducers, switches, shutters, MHD elsewhere [6]. It is impossible to cite all the literature in this rapidly
electrodes, fuel cell electrolytes, concentration cell electrolytes, and growing field of research; therefore, only representative references
electrolytes for high energy density batteries [I]. are cited. In addition, the discussion of plasma sputter-deposition of

In reviewing the device applications mentioned above, it is ferroelectric thin films is limited to the lead-titanate family of
worth noting that the use of oxide films integrated with materials.
semiconductors has been limited to the simple oxides. The wide
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Plasma Spuuer-Deposition Systems and Related Phenomena deposition rate. This latter factor can be reduced by as much as two
orders of magnitude, which may represent an undesirable situation

In most plasma processing techniques [6], deposition of for commercial applications of this deposition technique. Other
ferroelectric films is achieved by sputtering targets exposed to a dc researchers 112] have investigated various methods (Fig. 3) for
or rf plasma discharge generated in a high vacuum chamber back- minimizing the bombardment of growing films by secondary
filled with an inert (commonly Ar) or oxidant (generally 02) gas, or a electrons and ions emitted from the target.
mixture of both, to a pressure of 0.5-170 mTorr (dc or if diode
sputtering, or magnetron sputtering). Most studies on plasma
sputter-deposition of ferroelectric films have been performed in the
5-50 mTorr pressure range. Various target-substrate geometries have
been used as knowledge on plasma-target/substrate interaction effects
progressed, revealing the existence of phenomena that can strongly
affect the film deposition process. For example, the most common -us
geometry, initially used to deposit HTSC and ferroelectric thin films, Maehi SRaCu

consisted of a multicomponent oxide target facing a substrate such ",
that both surfaces were parallel to each other with typical separations so nott - -- T
of 2 to 10 cm (see Fig. I for example). The initial work on HTSC -
and ferinelgctric thin film synthesis, involving mainly the magnetron CA7r.r74M..EATE / ri
sputtering technique and bulk HTSC targets (Fig. 1), immediately
revealed several problems in relation to controlling the film M/W' T/•/$'/J~< / t,
stoichiometry: (a) the well known preferential sputtering DIATIVE ion I,•C AREA'/

phenomenon occurring during ion bombardment of multicomponent •// '$ "''

materials, particularly oxides, can alter the surface composition of the IL u
target and result in films with different stoichiometry than that S T

characteristic of the target; (b) the development of an ion Dam MACIE UILO

bombardment-induced surface topography can affect the sputtered
flux and consequently the film thickness and composition uniformnity;

(c) the impact of plasma ions on multicomponent oxide targets results
in the emission of a large amount of 0- ions, which are accelerated 7
by the plasma sheath in front of the target, acquiring enough kinetic
energy to produce, upon impact on the films, resputtering and
compositional changes ("negative ions effect") (7, 81; (d) in addition
to the "negative ion effects, films are also bombarded by secondary Figure 2. Sketch of an unconventional geometrical arrangement of
electrons emitted from the oxide targets, and these electrons can also substrates out of the main stream of sputtered-neutralized negative
produce compositional alterations through the well known electron ions to minimize the plasma-induced negative ion effect in plasma
bombardment-induced oxide breakdown phenomenon. sputter- deposition of ferroelectric films (Roy et al. [71).

-ý FIELD • Subst rate
'"FIELD -- • '-- e 1'tClltftod.I • •
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7 )" ,FI64d Ll~ () Trget; (%b)
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Figure 1. Cross-sectional view of a magnetron sputtering system for
deposition of multicomponent oxide, including ferroelectric thin
films, by sputtering of a multicomponent oxide target. Figure 3. Methods for minimizing or eliminating secondary electron

and/or ion bombardment of growing oxide films in plasma sputter-
A number of different methods have been implemented in deposition (Terada et al. [121).

order to control the negative ion and electron bombardment effects. A
straightforward method is to increase the plasma pressure such that To overcome the various problems related to the use of
the energy of the neutralized negative ions is reduced, by multiple multicomponent oxide targets, various groups have used elemental
collisions with plasma species, until it is below the energy necessary metals (Pb, Zr, Ti), or their oxides (PbO, ZrO2, TiO2), for
to resputter the growing film [9]. A second means of obtaining the example, in multitarget arrangements, where each material constitutes
appropriate film stoichiometry is to modify the target composition in a cathode of a magnetron sputtering system.While this method
order to compensate for the preferential sputtering associated with the addresses the issue of preferential sputtering and the "negative ion
negative ion effect [101. This method is time-consuming and effect", other problems are raised. Simultaneous sputter-deposition
somewhat unreliable since any change in processing parameters may from elemental target materials exposed to independent magnetron
alter the final film stoichiometry. Unconventional sputtering sources may lead to compositionally inhomogeneous films. Because
geometries, in which the substrate is not subject to ion impact the targets are located in different positions, the overlapping
(termed "off-axis sputtering, Fig. 2 [7, 111), may ameliorate the deposition fluxes will not be identical at all points on the substrate
negative ion effect, at the cost of film thickness uniformity and f 141. This may present a problem in relation to coverage of large
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areas with films of uniform stoichiometry and thickness, since and mix the sputtered species. Once the sputtered species are
fabrication of HTSC thin film-based devices will require processing tbermalized, they reach the substrate by diffusion through the
of single large wafers (-> 5 inches). One method to improve plasma. However, the diffusional fronts of Pb, Zr, and Ti or their
compositional homogeneity with multiple sources is to increase the oxide species are formed at different distances from the target 118 1,
substrate to target distance, but this results in a very inefficient use of which have a direct influence on the deposition profiles and
target materials. An alternative is to maintain a fixed substrate-target composition of the resulting films.
geometry by moving the substrate sequentially into position in front Sayer et al. were unable 1181 to produce as-deposited PIZT
of each fixed source and alternately depositing thin layers of each films at the temperature needed (550-600 *C) to produce the
material. perovskite structure, mainly because of poor control on the sucking

coefficient of Pb and the reaction on the substrate surface. Therefore,
Deposition Processes and Film Characterization films were synthesized at 200-250 "C and subsequently annealed in

air at 550 "C for 10-20 hrs. X-ray diffraction of as-deposited films at
Both single multicomponent oxide and multiple elemental 200-250 "C revealed a (10)) peak characteritic of the massicot or

metallic targets have been used to synthesize a wide range of litharge phases of PbO, which indicated that the as-deposited film
ferroelectric materials in thin film form, including BaTiO3 (BTO)[13- contained crystalline PbO grains, while the ZrO2 and 1iO2 seemed to
151, PbTiOi (PU1'O)J161, Pblt-t.aTiltx/403 (PLTO)1171, PbZri. be deposited in an amorphous form. Annealing of the as-deposited
xTixO3 (PZT) 1181, and Pbl x/looLax/Ioo(Zry/tooTii1/ioo)t-.14oo03 films resulted in structural transformations at about 4501 "C, %hich
(PLZT) 1191. Due to space limitations, only the work on the Pb- lead to a tetragonal or rhombohedral structure at 550 'C depending
based family of materials is reviewed in some detail in this paper, on the Zr:Ti ratio in the film (rhombohedral for Zr:Ti = 58/42. and
and only a brief discussion of laser ablation-deposition of other tetragonal for Zr:Ti = 45/55). The surface topography of the films
ferroelectric thin films is presented. depended strongly on the annealing temperature and cooling time,

lijima et at. 1161 demonstrated that highly c-axis oriented with rapid cooling leading to film cracking and hillock formation,
PTO thin films (98% of the film had the c-axis oriented perpendicular depending strongly on the state of stress of the films I 181, while long
to the substrate surface) can be produced by r.f. magnetron time annealing (20 hrs.) and very slow cooling resulted in smooth
sputtering only when using low deposition rates (< 20 A/min), low films with practically no hillock formation. Experiments involving
gas pressure (- 7 x 10-3 Torr), and PbO-rich targets (see Table 1). annealing at different temperatures revealed that the lattice strain of
According to lijima et al. 1161, high gas pressures in the magnetron the films was reduced from -0.01 to -0.001 as the annealing
system would increase the sputtering rate because of the production temperature increased from 450 "C to 700 *C. The electrical
of a larger amount of ions in the plasma, but at the same time would properties of the PZT films produced by magnetron sputter-
decrease the mean kinetic energy of the sputtered species arriving at deposition of metallic targets [181 are presented in Table 1.
the substrate, due to collisions with the plasma species. A reduced Generally, good electrical properties were obtained for the films
kinetic energy of the depositing species would result in a lower deposited under the optimized conditions described above. It is
mobility on the substrate surface at the deposition temperature. The interesting to notice that other researchers have also produced good
combination of high sputtering rate (hence high deposition rate) and quality PZT films by magnetron sputter-deposition of multi-element
low mobility of the depositing species would tend to inhibit the metal targets f211.
epitaxial growth of the film. The work of lijima et al. 1161 Adachi et al. were able to growth epitaxial PLZT films on c-
demonstrates the importance of controlling the deposition parameters plane sapphire with epitaxial relations ( 11 )PLZT // (XW)0) sapphire
to optimize certain film properties for particular device applications, and t 1101//1 10101 sapphire, by planar magnetron sputter-deposition
In the case of the PIlO films discused above, the main objective was involving powder pressed PLZT targets of various compositions tsee

Table 1) 1191. They also determined that the film stoichiometry is
to minimize the relative dielectric constant £r and maximize the largely controlled by the Pb incorporation into the films, which in

pyroelectric coefficient y, to maximize the figure of merit Fv = y-/Er cv their particular experiments appeared to be independent of the
(cv: volume specific heat) for application of PTO films as pyroelectric deposition rate. Adachi et al. also observed, as most other
infrared sensors. The parameter er was minimized and g maximized researchers, that films deposited at temperatures S 550 "C presented
by growing highly c-axis oriented films 1161. Similar work on PLTO a pyrochlore structure, although in Adachi et al's case the films
[ 171 demonstrated that an accurate control of dopants introduction in appeared to be remarkable rich in Pb content. Stoichiometric PI.ZT
the films is also necessary to achieve optimized film properties was obtained at substrate temperatures above 550 *C 1191 for the
tailored for a particular application, case in which the films were Pb-rich. On the other hand. epitaxial

Sayer et al. demonstrated that magnetron sputtering can be PLZT stoichiometric films were produced with the same magnetron
used to produce PZT films with controlled stoichiometry and sputtering system at about 450 "C by using a PLZT (28/0/1MX)) target
properties, utilizing metallic elemental targets 1181. They designed a with a reduced Pb content 1 19}. This later result of Adachi et al. 1191
disk-shaped target consisting of several sectors of the Pb, Zr, and Ti seems to disagree with the work of Ishida et al. 1221 ýond Okada 1231,
1201, in which they could change the size of the targets to control the whom needed a Pb-rich PLZT target to produce stoichiometric P1.Z71
amount of each material deposited on the substrate at a particular films with a conventional diode sputtering system. Based on the
temperature. They performed extensive studies of the basic plasma- work of Sayer et al. discussed above I 181, related to the control of
target-substrate interaction phenomena and their effects on the Pb incorporation in the films due to transport processes in the
deposition processes. These investigations 1201 revealed that the plasma, the seemingly contradictory results of Adachi et al.1 191 and
growth of stoichiomet-i,; highly oriented films with good electrical lshida et al. 1221 may be explained in terms of different transport
properties, by their particular magnetron sputter-deposition method, processes in the plasma. In the diode sputtering system 1221, the
is governed by three main processes: (a) formation of a reproducible higher gas pressure needed may reduce the transport of Pb towards
oxide layer on the target surface, (b) the stability of oxide species the substrate, and therefore a larger supply of Pb from the target may
formed during transport through the plasma towards the substrate, be needed. On the other hand, the magnetron sputtering system used
and (c) the nucleation and growth of the film on the substrate by Adachi et al. 1191 requires lower gas pressure to sustain the
surface. Sayer et at. observed that in order to obtain PZT films with plasma, which would result in a more effective transport of Pb, and
good stoichiometry, microstructure, and electrical properties they therefore a less enriched Pb target would be needed to incorporate the
needed to use relatively high gas pressure of pure oxygen (- 3 x 103 required Pb content in the film.
Torr) and a target-substrate distance of approximately 10 cm. The limited discussion presented above indicates that the
Computer simulations of the transport of sputtered species in the geometry and deposition conditions play fundamental roles in the
plasma and experimental measurements of deposition rate vs. gas synthesis of ferroelectric thin films by plasma sputter-deposition.
pressure and film composition vs. substrate-target distance indicated Unfortunately, there is not enough systematic data. particularly
that complex plasma-surface interaction and material transport related to the sputtering, transport and deposition processes, for
processes control many of the film characteristics I 181. For example, many of the ferroelectric materials being investigated to synthesize
the metallic species sputtered from the lPb, Zr, and Ti targets undergo films. Therefore, further work is necessary to determine the optimum
multiple collisions with the plasma species and among themselves conditions needed to produce films of different ferroelectric materials
during transport to the substrate. The collisions serve to thermalize with the best composition, raicrostructure, and properties.
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Table Ia Deposition / processing conditions and compositional and mncrostructural characterization
of ferroelectric thin films produced by plasma sputter-deposition
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Tabl b Deposition / processing conditions and electrical characterization of ferroelectric thin
films produced by plasma sputter-deposition,
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Ion Beam Sputter-Deposition: Systems. Basic Deposition Processes sputtering of multicomponent oxides, that results in alterations of
and Film Characterization target surface, hence film composition; nor about extensive scatering

of low mass ions (Ar) on heavy mass targets (Pb, Zr), which leads
[on beam sputter-deposition (IBSD) of multicomponent oxide to resputtering of the films as well as ion bombardment-induced

films has been less extensively used than plasma sputter-deposition. damage and incorporation of gas inte the films. These phenomena
I."w-'.:vr, this method is well suited for deposition of oxide films, were studied recently in detail 128, 2S,! and a brief discussion about
as recently demonstrated by various groups, which synthesized them is presented below. Because these processes were not properly
HTSC [21, ferroelectric [24-261, and electro-optic [24] thin films. recognized by Castellano and Feinstein, it was difficult for them to
The IBSD technique is a suitable alternative to plasma sputter- control of the PZT films composition and microstructure, which
deposition, because many of the undesirable effects (substrate resulted in films with relatively poor electrical properties (see Table
bombardment by energetic negative ions and electrons, impurity 2a and 2b). In relation to ion beam-target/substrate interaction
introduction ' 1 films from plasma-wall interaction in the deposition effects, early work on IBSD of HTSC films also involved the
chamber, etc.) already discussed for the later method are not present utilization of ion beams under rather uncontrollable conditions to
or are much smaller in the ion beam sputter-deposition case. sputter YBa2Cu3O7.x bulk superconductor targets, which resulted

The IBSD deposition method was used for synthesizing in films with uncontrolable composition, microstructure, and
multicomponent oxide thin films as early as in 1979, when properties.
Castellano and Feinstein used this technique to produce PZT thin More recently, a computer controlled IBSD technique has
films [27]. A major problem with the IBSD method as applied by been developed by Auciello et al. [30, 311, which involves a series
Castellano and Feinstein was that they used PZT hot pressed oxide of unique design features described below:
targets, which were exposed to an Ar+ ion beam directed at- 45" (I) A high current broad ion beam is directed at near normal
with respect to the target surface normal. Apparently, these incidence with respect to the target (see Fie.4). Fundamental studies
researchers were not aware of problems such as preferential
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on ion-solid interactions have revealed that the optimum geometry (b) Controllability of the ion angle of incidence with respect to the
depr.nds on the bombarding ions mass and kinetic energy, and the target surface, and better control of the ion current and energy.
mass of the sputtered atom being deposited onto the substrate (c) No negative ion bombardment of the growing film as i the
128,29]. plasma sputter-deposition case, which requires extra attention in
(2) A rotating target holder driven by a computer-controlled stepper relation to the target-substrate relative positioning.
motor serves to sequentially position elemental material (or their
single oxide) targets in front of the sputter-beam (Fig. 4).
(3) A QCR (Fig. 4) measures the amount of each elemental material
deposited and sends a feedback signal to the computer when the pre- S"ST"._

programmed necessary amount of an element, to produce a desired ,
film composition, is reached. The QCR feedback signal activates the
computer for shutting off the ion beam while rotating the target
holder to position the next target under the bean.
(4) Various computer-operated controls are especially programmed .. L , .
into the computer [30, 311 to regulate:(a) the introduction of
processing gases ( oxygen for example) into the target chamber or in
a sub-eV atomic or energetic ion beam source directed at the
substrate, (b) the interposition of shutters or masks between targets
and substrates, (c) the substrate temperature, including rump-up and
down cycles, and (d) other processing steps.

The potential of this technique has recently been _

demonstrated by producing superconducting YBa 2Cu307_x 1321,
ferroelectric PZT [241 and electro-optic KNbO 3 (24'1 films with
controlled composition, microstructure, extremely smooth surfaces, Figure 4. Schematic of the automated ion beam sputter-deposition
and good electrical propeities (see Table 2a and 2b). In addition, it system developed by Auciello et al. 130, 311.
has been recently demonstrated that the automated IBSD technique
described above can produce multicomponent oxide thin films with < The automated IBSD technique described above has been
± 0.2-1% composition and thickness uniformity across 10 cm used to demonstrate the feasibility of producing device-quality
substrates 1251. Comprehensive experimental and computcf Pb(Zrl-x, Ti x)0 3 (PZT) thin films. PZT was selected because of its
simulation studies performed in our laboratory [28, 291 were technological importance, and the known difficulty associated with
undertaken in order to achieve a good understanding of the processes the synthesis. The results may be grouped as follows:
involved in the IBSD technique. Those studies [28, 291 were the
bases for optimizing the IBSD method. Briefly, the studies Processing: Conditions have been determined for obtaining single
mentioned above have shown that light ions such as Ar+ impacting at phase PZT with perovskite structure. At low processing
450 with respect to the target surface normal results in an undesirably temperatures, a deleterious "pyrochlore" phase is commonly
high scattered ion flux, involving species with energies in the obtained. We have shown that perovskite phase formation can be
hundreds of eV range, when the ions impacting on the target have achieved through strict control of A:B-site ca, ion ratio, via the
energies in the range of 1000-1400 eV. The flux of neutralized substrate temperature, oxygen partial pressure, and composition of
scattered ions from the target is directed at the substrate, which leads the fluxes 1341. It has become clear that the lead oxide sticking
to a deleterious erosion of, and gas incorporation into the growing coefficient is strongly p07 and substrate temperature dependent at the
film. It was found that by using Kr+ or Xe+ ions, the scattered ions process temperatures generally used. It should be noted that we have

effect can be minimized or eliminated 128, 29). Additionally, A achieved deposition of PZT films with good properties at substrate
mapping of the sputtered flux angular distribution was obtained and temperatures as low as 480'C, with no subsequent annealing. This
successfully used th o oputtimized thg deostibtion w bt ad a is signific :iy lower than process temperatures reported by other
successfully used to optimize the deposition geometry. researchers , and represents an advantage for integrated devices.

Other groups have developed ion beam sputter-deposition We have also obser-," tmat the tendency for "pyrochlore"techniques involving the use of various beams to sputter elemental formation is strongly influenced by the choice of the substrate. This

materials from different spatial locations and simultaneously deposit ffemtionqis str study.

them onto an appropriately situated substrate [261. However, the effect requires further study.

automated ion beam sputter-deposition method described above has Microstructures: A significant effort has been focused on the
various advantages over those featuring multiple ion beams, namely: development of heteroepitaxial ferroelectric films. The primary
(a) The use of only one ion beam simplifies hardware design and studies were on films deposited upon single crystal (100)MgO
reduce cost, particularly when producing films with more than three substrates. The lattice mismatch is -5% versus PZT near the
components. This makes computer control more manageable and morphotrophic boundary (PbZr0.sTi0.503), and this mismatch isavoids having to accurately contrcl various ion beam currents moptrhibunay(brTiO).ndhsmsachsavdsilavinetou. aaccommodated, not by partial misfit dislocations, but rather via small
(b) The sputtered fluxes of all elementay target materials originate angle tilt and twist of the film lattice with respect to that of the

(b)Thesputerd luxs o al eemete argt mteial orginte substrate. This results in films which are best described as
from the same spatial location in the computer-controlled single ion substate. this r ains whin ameter, dected abeamsysemwhih souldconribte o te prducionof ore topotactic', containing grains 20-50 nm in diameter, connected via
beam system, which should contribute to the production of more low angle boundaries of 0-2' (see Fig. 5). The grains retain a 3-
uniform films across the substrate surface both in thickness and dimensional relationship with respect to the substrate lattice, as
composition. confirmed by cross-sectional and plan view SAD in the TEM. The
(c) The ion scattering fluxes and angular distributions of the films diffraction spots, however, show a characteristic elongation
sputtered fluxes may be more easily controlled in the single ion beam corresponding to the 0-2' tilt (or twist) [351. It is important to note
system. that no ferroelectric domain walls are observed in these films; :ach(d) The geom etry of the single ion beam system perm its the gri is in l do a .Th de c b d m c o t u t re ay e
installation of oxygen sources directed at the substrate, and focused grain is single domain. The described microstructure may bebeams for in-situ ion, electron, or laser beam-induced patterning. responsible for the relative good electrical properties observed in the

first films produced with the automated IBSD method. In order to

Compared with the plasma sputter-deposition techniques, the measure the properties of "epitaxial" PZT films in a standard MIM

ion beam method offers the following advantages: configuration, we developed procedures for deposition of epitaxialion eammethd ofersthefollwin advntaes:(100)Pt metal films on MgO(100) substrates. There is an
(a) A much lower partial pressure of impurities in the target approximately 6.8% mismatch between Pt and MgO, and <1%

chamber during deposition, since the focused beam can be made to apoitely 6.8% mismatch between Pt an
mainly interact with the target, contrary to the plasma sputtering between Pt and PZT. Surprisingly, the mismatch between the Ptfilm and the sdbstrate .seems to be accommodated by the more usual
case, where the plasma has a rather strong interaction with the target dislocation mechanism, while the close match between PZT and Ptchamber walls. indicates that the previously described tilt/twist accommodation
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mechanism may not occur. Thus the microstructures no longer have these results were reported at three recent conferences and in a paper
the characteristic low angle boundaries. We are therefore currently currently in press 1371. Some of the phenomena discovered in our
exploring the ferroelectric domain structure, by TEM, but x-ray studies on electrodes include: a) the rapid diffusion of lead beneath
diffraction indicates that the polarization directions are normal to the platinum films on silicon dioxide; b) strong interdiffusion of PZT
film plane (only (001) no (hOO) reflections are observed). Properties films and some substrates, including TiN and silicides; c) the
are described in (c), below. deformation of platinum films during anneals, including the

formation of potentially disastrous hillocks which can penetrate
through the PZT film.

One of the main advantages of the ion beam sputter-
deposition technique is its capability for independent control of the
"energy, current and angle of incidence of the ion beam on the target.
In addition, dual ion beam systems can be easily implemented in
such a way that a secondary ion can be independently dire( ted at the

. 'isubstrate in order to produce ion-assisted growth. In "hi', respect, it
- 'i' has been demonstrated in recent years that controlled ion

bombardment of growing films can be used to tailor different
deposition processes as well as mechanical, microstructural,
physical, and chemical properties of the films 1391 Processes and/or
properties that can be affected include: (a) surface reaction rates; (b)
active gas incorporation into the films, such as oxygen in high
temperature superconductor (HTSC) or ferroelectric (FE) and
electro-optic (EO) materials; (c) film sticking coefficient; (d)

Snucleation and growth kinetics; (e) interdiffusion rates at homo- and
•-- C Iheterojunction interfaces; (f) microstructure; (g) stress; (h) and

l - -electrical conduction. Currently, ion assisted deposition (LAD) is

Figure 5. HRTEM micrograph of an ion beam sputter-deposited being used in conjunction with different vapor-phase deposition
F 5techniques such as plasma and ion beam sputter-deposition (PSD and

epitaxial PZT film containing low angle tilt and twist grain IBSD) [391, electron beam evaporation (EBE), ant'. molecular beam
boundaries. epitaxy (MBE). Advantages of lAD schemes ch-racteristic of the ion

beam-assisted sputter-deposition (IBASD) technique, which are not
We have also studied other microstructural defects in the commonly shared by other deposition techniques, include:

perovskite films. We have observed (221)-type growth twins,
which appear to nucleate from (110) slip steps on the MgO surface (1) The possibility of easy independent control of the energy, ion
[36]. These can be eliminated by appropriate substrate pretreatment flux density, and angle of incidence of both the primary ion beam on
[361. We have also observed inversion domain boundaries in the target and the secondary ion beam on the substrate, which gives
KNbO 3 films, but not in PZT films. It is not clear at this time the great flexibility for controlling synthesis and in-situ processing of
reasons for the different microstructures in the films mentioned films.
above, and therefore further investigation is needed. The issue is
important , as these fixed subgrain boundaries will have an effect on (2) The possibility of attaining a lower background pressure in the
the mobility of the ferroelectric domain walls deposition chamber that can be advantageously used to control the

Properties: Good ferroelectric and dielectric properties have been deposition process.

achieved for the PZT films synthesized by the in-situ automated ion (3) The creation of ions in a plasma localized in the ion beam source
beam sputter deposition technique. Typical values for 90 nm thick keeps the plasma from contacting the target, substrate, and
films are as follows: Pmax -50 gC/cm2 ; Pr -20 gC/cm2 ; Ec -~.lxl 07 deposition chamber walls, therefore contributing to minimize or
V/m; Keff -1300, resistivity -xl010OWcm. A comment should be eliminate uncontrollable plasma-substrate/target/chamber walls
made about the relatively large value for the coercive field, Ec. First, interaction effects, characteristic of plasma systems, that could affect
the films we produce are extremely thin, typically 60-150 nm, and Ec the film growth.
is known to increase with decreasing film thickness. However, the
films are expected to show switching behavior which more closely (4) Perhaps the most important feature of the [BASD technique is the
resembles single crystal than polycrystalline material. However, po:sibility of independently controlling the energy of the secondary-
coercive fields for free single crystals are usually low, and we processing ion beam, which appears to be the most influential
therefore deduce that constraint imposed by the substrate lattice parameter in ion-assisted film processing [39]. In the case of
markedly increases Ec. ferroelectric thin films, initial research on ion-assisted deposition has

Measurements of conductivity and ferroelectric fatigue of the been performed by bombarding the growing film with low energy
PZT films produced by the automated IBSD method have shown that (60-80 eV) 02+ or 0+ ions (401. The impact of these ions on the
the films display characteristic hoppinr, conduction [38], and that film during growth can activate chemical processes necessary to
fatigue results in only a loss of -50% in Pr out to 109 cycles. These produce the required composition and microstructure; it can provide
fatigue results are extremely encouraging. The fatigue characteristics extra energy to the film constituents arriving at the substrate, to
are very similar to those obtained for polycrystalline PZT films of increase their surface mobility at lower substrate temperatures than
170 nm thickness [371. The implication is that the heteroepitaxial required for thermal processing alone, therefore contributing to
films do not display markedly improved fatigue behavior over reduce the film crystallization temperature; it can also induce film
polycrystalline ones (on Pt electrodes). densification, and beneficially affect surface morphology, and

structural, electrical, and optical properties. In this respect,
Electrode effects: The nature of a bottom electrode can have a Krupanidhi et al. [401 have recently shown that low energy 0÷ ion
significant effect on the microstructure and properties of a PZT film. bombardment of growing PZT films can enhance their electrical
We have conducted extensive comparison tests of a number of properties. In particular, it was demonstrated [40] that the remnant
potential lower electrodes, inciuding Pt/MgO, Pt/SiO2/Si, polarization and dielectric constant of PZT films can be enhanced up
Pt/Ti/SiO 2/Si, RuO 2 /SiO2/Si, TiN/MgO, TiSi 2/Si, CoSi 2/Si, and to about 60% and 25%, respectively, over the values characteristics
several others. These studies have included examination by of films produced without ion bombardment (see Table 2b). In
transmission electron microscopy (TEM), high-resolution and addition, it was demonstrated 1401 that the coercive field can be
analytical TEM, X-ray diffraction, scanning electron microscopy, reduce by about 2070 The initial results on ion assisted-deposition of
Auger depth profiling, and Rutherford back scattering. Some of ferroelectric thin films are promising (see Table 2a and 2b).
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Table 2a Deposition I processing conditions and compositional and microstnsctural characterization
of ferroelectric thin films produced by ion beam sputter-deposition
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Table 2b Deposition / processing conditions and electrical characterization of ferroelectric thin
films produced by ion beam sputter-deposition
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However, more work is necessary to understand and control the there is a minimum absorption of laser light and therefore maximum
processes involved in ion-assisted deposition of ferroelectric films, if attainable laser energy deposited on the target. The impact of the laser
this technique is to be considered for application in industrial beam on the target surface results in various complicated processes
processing of ferroelectric film-based devices, including ablation, melting, and evaporation of material, and

production of a plasma due to excitation and ionization of the species
"The work performed recently by various groups on ion beam ejected from the target by the laser photons. All these processes are

sputter-deposition indicates that this is a very versatile and powerful triggered by the transformation of electromagnetic energy into
technique for application to the synthesis of multicomponent oxide electronic excitation, followed by a transfor-'ation into thermal,
thin films, not only at the laboratory scale, but also in industrial chemical, and mechanical energy. The material ejected from the target
manufacturing of thin film-based devices, is deposited on a substrate generally positioned opposite the first, as

indicated in Fig.6.

Pulsed Laser Ablation Deposition: Systems. Basic Deposition P.S

Processes and Film Characterization

The application of laser beams to different branches of basic
science and technology have multiplied rapidly since the laser was
discovered as a source of energy in the form of monochromatic and
coherent photons in the 1960's. Shortly after the demonstration of
the first laser, the most intensively studied theoretical topics were
related to laser beam-solid interactions. Experiments were performed
to verify different models developed to explain various phenomena
observed during the interaction of laser beams with materials. These
experiments and models were the bases for the subsequent evolution
of the many applications of laser beams, of which pulsed laser-
ablation deposition (PLAD) is only a small part. r- s .

Pulsed laser deposition is conceptually and experimentally a
relatively simple technique. A simplified schematic with the main
features of the PLAD method, as currently implemented by different a . ,ad
groups, is shown in Fig. 6. The main components include a pulsed
excimer laser beam, generally in the ultraviolet wavelength range
(193 nm or 248 nm) [41, 42). The laser beam is directed at a targetlocated in a vacuum chamber in such a way that it generally impacts Figure 6. Schematic of a common PLAD system. Various groups

locaed n avacum cambr i suh a ay hatit enerllyimpcts have introduce variations of this general arrangement, which will be
on the target surface at a 45" angle of incidence. The laser beam pass he intr e variatinsoftis g l e w i
through both a quartz suprasil lens and window before entering into described in the following sectons [441.
the deposition chamber. The lens and window material is chosen so
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In the PLAD technique, species are ejected forn the surlace the high volatility of Pb and its low reactivity with diatoruc oxygen,
of a target forming part of a "plume" controlled by a hydrodynamic leading a reduced incorporation of Pb in the film. Other substrates,
flow regime in which a large number of molecular and atomic such as SrTiO3 which can provide a better lattice match to perovskite
collisions occur. The physicochemical conditions of the plume PZT, enable perovskite film growth at temperatures as low as 350
depend to a large extent on the laser wavelength through the "C, where Pb volatility is not as great a problem 153. Similar
dependance of the laser-solid interaction process on this particular problems have been observed for laser ablation-deposition of BaTiO3
parameter. Since currently there are numerous lasers available which 1451 and KTN [491.
provide a broad spectrum of wavelengths and pulse energies and To increase the likelihood of deposition of single-phase
widths, the PLAD technique can be used . deposit thin films of epitaxial PZT on poorly lattice-matched substrates (i.e., substrates
almost any material that can absorb the laser light up to a minimum other than SrTiO3), the potential for Pb reaction with oxygen during
level. The versatility of the PLAD technique is demonstrated by the film deposition must be maximized to limit Pb volatilizaton. This
fact that close to 128 different materials have been deposited ir. thin may be accomplished by using higher oxygen background pressures
film form using the PLAD method 1431. However, the development (I Torr) (541, or a more reactive oxygen source (N20) 1551. Another
of PLAD has been slow up until recently, when researchers realized innovative method that has been particularly successful is to place an
that this technique has several features that can be used electron emitting filament between the laser target and substrate, and
advantageously to synthesize multicomponent oxide thin films, to bias the target to collect excited diatomic oxygen anions created by
including high temperature superconductors (HTSC), ferroelectric electron attachment. This effectively introduces more reactive oxygen
(FE), electro-optic (EO), and optical materials 141, 441. The PLAD close to the substrate 1561. The dramatic effect on crystal structure of
technique has been particularly successful in the production of HTSC this approach is shown in Fig. 8. Initially, the electrons emitted from
thin films 121, 241, and for that reason the groups using the PLAD the filament diminished the pyrochlore phase and enhanced epitaxial
method have been very enthusiastic in promoting the technique as perovskite PZT dramatically. However, at high emission currents,
one of the best for this particular application. In reality, however, the the generated oxygen anions promoted additional orientations of the
technique has advantages and disadvantages like any other vapor perovskite phase to nucleate. Another benefit produced by the greater
phase deposition methods that currently are being extensively oxygen reactivity is an improved film surface morphology. Filament-
investigated to produce multicomponent thin films. A balanced assisted PLD appears to produce a continuous and smooth
description of advantages and disadvantages of the PLAD technique topography as opposed to a porous and rough one observed on films
to synthesize HTSC and ferroelectric films has been presented only grown under 02 exposure. In-situ epitaxial PZT films produced with
in isolated reviews 141,421. The main objective of this review is to the filament-assisted PLD method have have shown remnant
present a brief overview of the application of the PLAD method and polarizations Prof 15-20 gaC/cm 2 and coercive fields Ec of 35-50
update previous descriptions published in the literature by including a kV/cm. In general, the ferroelectric properties obtained from in-situ
discussion of new developments in the use of the PLAD method to deposited PZT films grown either by sputtering or PLD without
synthesize ferroelectric thin films. some enhancement of oxygen reactivity have not been remarkable.

The PLAD technique has only recently been extensively Low values of remnant polarization and high coercive voltages have
applied to ferroelectric thin film growth, and it was a logical been repurted. Post deposition annealing has been found to improve
extension to the work done on deposition of HTSC thin films. Key the ferroelectric properties 1571, but as described before, the problem
advantageous features of the PLD technique include: (1) the might be better addressed by increasing oxygen reactivity during
possibility of a straightforward replication, under certain conditions, deposition.
of the target stoichiometry on the films; (2) the ability to deposit in
high background pressures, which in this case minimizes
vaporization of volatile species from the film; (3) the ease of in-situ
deposition which enables epitaxial film growth and can minimize O.6t
thermal budget during processing, and (4) the demonstrated high _ r___ Pb _omostion

deposition rate (-10 A/s). These features of PLAD method have been.....................
successfully used to grow films of BaTiO3 145, 461, Bi 4 Ti30l 2 147, 50; r o ...... m To"
481 K(T.. Nb)0 3 (KTN) 1481, Pb(Zr,Ti)03 (PZT) (49, 501, 0 4t 3 mror '.*

(Pb,La)(ZrTi)03 (PLZT) 1511, and Bi4Ti3Ol2 on an YBa2Cu 3O7. : 
*

x/MgO substrate 1521. Because many applications either require an o0
epitaxial film or may benefit from a reduced thermal budget, the ,

2D0
synthesis of ferroelectric films by the PLAD technique has involved f2; 0 00
in-situ deposition at relatively high temperatures (500-600 C). 5501C

Since there is not enough space to discuss in detail aspects
related to the synthesis of all the ferroelectric thin films mentioned
above, only key deposition conditions used in the synthesis of PZT
films will be described as an example. In one set of experiments, by 0 200 400 600 800

Grabowski et al. (44], the deposition conditions used for Temoersaure Cý

synthesizing PZT films include focus of an excimer laser beam (248
nm, 5 Hz, 35-100 mJ/pulse) to about I J/cm 2 per pulse onto a Figure 7. Pb content of PZT films (Zr/Ti = 0.54/0.46) films,
rotating mixed-oxide PZT target. The heated substrate was held in a measured by RBS. as a function of substrate temperature and
high pressure atmosphere (-300 mtorr) of pure 02, located about 4 ambient oxygen pressure. The line at 550 TC marks the temperature
cm from the laser target. Films would be grown at about 510 A/s to a at which nurierous different pressures were examined, and indicates
thickness of about 4,000 A in this manner [44]. the threshold for pure-phase-perovskite film formation (44].

Two deposition parameters are critical to obtaining phase-
pure ferroelectric PZT, namely, substrate temperature and oxygen More recently, Auciello et al. have developed an automated
background pressure. For example, Grabowski et al. 1441, observed PLD deposition technique 131, 58], which invoIves at'ation of
that to maintain stoichiometric Pb content in laser ablation-deposited elemental targets (metals or their single oxides) sequentially exposed
PZT (Zr/Fi = 0.54/0.46) films, a high oxygen pressure (at least 300 to an excimer laser beam using a computer-controlled system (Fig.
mTorr) is required, and the substrate temperature must not exceed 9). For the initial experiments performed to demonstrate the
about 550 "C (Fig. 7). A metastable non-ferroelectric pyrochlore automated laser ablation-deposition technique, ZrO2 ,TiO 2 ,and PbO
phase forms in Pb-deficient films and for MgO substrate were sequentially exposed to an excimer laser beam (KrF,- lJ/cm2
temperatures below about 500 'C. Therefore, there is a narrow were eta expose o ancimer la amp(Kr-c lled
operational window to obtain phase-pure ferroelectric PZT. on target, 3 Hz, 45 angle of incidence) via a computer-controlled
However, XRD analysis of PZT films produced within the narrow rotating target holder driven by a high vacuum motor (see Fig. 9).

pressure-substrate temperature window range mentioned above The films were deposited on MgO (100) substrates at 200 "C, in

indicates that there is still a remaining pyrochlore phase 1441. The such a way that the first layer in contact with the MgO substrate was

appearance of the pvrochlore phase is believed to be associated with
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ZrO2, and the subsequent layers were TiO 2, and PbO. A quartz with Nb doping. Films were synthesized under similar conditions as
crystal resonator, functioning as a film thickness monitor, is located those described above for the layered films. The films grown by
on the side of the substrate and measures the amount of each ablation of the bulk PZT target presented a (100) orientation (Fig.
elemental material or oxide deposited and sends a feedback signal to 11). The particular crystallographic orientation of the layered PZT
the computer. films (Fig. 10b) can be explained in terms of a controlled growth

from the crystalline PbO layers nucleated in the as-deposited films
.' o MgO (Fig. lOa), since the lattice matching between a (100) PbO layer and

.0 50 0o0 2 a (101) PZT layer is favorable for the nucleation of the later during a
203, post-deposition annealing process, as used in the work reported

.0 - 1 1581. On the other hand, the growth of PZT films produced by
0 , -A • -- , ablation of bulk PZT targets appears to be dominated by the

0o9 1 A icrystallographic orientation of the substrate.
Extensive electrical characterization of the PZT films

-* - produced by Auciello et al. 1581 have shown that these films have
'00 500 • ' " device-compatible remnant polarizations (see Table 3b). In addition,

first capacitance and film conductivity measurements ever performed
20 10 1 ) on a laser ablation-deposited film revealed that electron and ion

220 310 hopping may be two important conduction mechanisms in PZT films
o200 , ,...vw 1581.

0 20 40 60 80 a.

26 (aeg'eesi

Figure 8. XRD patterns of PZT (Zr/Ti = 0.54/0.46) films deposited
on MgO substrates using three different filament emission currents.
The ferroelectric perovskite peaks are identified by their miller
indices while peaks corresponding to the metastable pyrochlore
phase are identified by a "p". The patterns are offset by 105 cps for
clarity of presentation 1441.

When the pre-programmed necessary amount of an element, to
produce a desired film composition, is reached, the QCR feedback
signal activates the computer to shut off the laser beam and rotate the b
target holder to position the next target in front of the beam. This
sequence is repeated until the programmed total film thickness is
achieved. This new automated PLD method can be used to control
the amount of Pb deposited and overcome the problems of Pb
deficiency when producing PZT films by ablation of PZM targets, as 1 101,

discussed above. The XRD pattern of a film deposited with the layer
by layer method (Fig. l0a) 1581, on MgO at 200 'C, indicates that 7

the film consist of a highly oriented (100) PbO microstructure, which
upon annealing at 600 "C in an oxygen atmosphere turns into a
highly oriented (101) PZT film with no evidence of a pyrochlore ... ... ..
phase (Fig. 10b). Work under way in our laboratory will
demonstrate whether layer by layer deposition can be used to
produce as-deposited PZT films at substrate temperatures in the Figure 10. (a) XRD pattern of an as-deposited (at 200 "C) layer by
range 500-550 *C, with less stringent control on the oxygen layer film on an (100) Pt/(100) MgO substrate. (b) XRD pattern of
background pressure during deposition, as it is necessary in the case the film described in (a) after annealing at 600 "C in an oxygen
of PZT film synthesis by ablation of PZT targets. Further details atmosphere. Notice the (100) oriented PbO structure in the as-
about the working principle of the automated PLD technique can be deposited film (a), which controls the growth of a highly oriented
found elsewhere [311. (101) PZT film (b) during the post-deposition annealing 1581.

ATM O11M- L]r STXi• 
Mg Oi 2(X)) 141M

IOPTTi Ii)')!

PZTl(liii)

""O0DE M 20 30 40 50 60 70

Figure 9. Schematic of the automated PLD system developed by 2 theta

Auciello et al. The system is controlled via an especially developed
computer program, and the technique has the potential for industrial
applications [31]. Figure 11. XRD pattern of a PZT film deposited on (100)MgO, by

ablation of a 10%PbO-rich PZT target, at 200 "C and later annealed
The automated PLAD technique described above was also at 600 *C.

used to deposit PZT films by ablation of a 10%PbO-rich PZT tareet
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Other researchers have synthesized VLZT films using the relatively low substrate temperature, improve the amount of
PLAD technique, but utilizing different laser wavelengths and energy perovskite microstructure present in the film, and produce smoother
density, as well as different deposition parameters. Information on films.
the deposition conditions, and compositional. microstructural, * Laser ablation deposition with assisted laser in-situ annealing of the
topographical, and electrical characteristic of the films are presented films dunng growth 163] is a promising method to produce
in Tables 3a and 3b. There are various noticeable aspects related to muhicomponent oxide thin films as-deposited without post-
the works cited in Tables 3: deposition annealing, and with smoother surface topographies than
- Films deposited by ablating bulk PZT' targets with excimer lasers without a laser beam impactir ; on the growing film.
have varying degrees of composition close to the stoichiometry In conclusion, the work of several research groups has
corresponding to the targets 151, 52, 57-601; demonstrated that the PLAD technique is a very suitable method to
- Films deposited by ablation of PZT targets with lasers of longer synthesize multicomponent oxide thin films, particularly those of
wavelengths 150, 621 generally do not have as good an stoichiometry ferroelectric materials. However, further work is necessary to
as those produced with the excimer lasers; understand better the processes involved in film deposition, in order
- The excimer lasers are very appropriate to produce films with the to optimize the films properties. In addition, work is also needed to
desired perovskite structun. aid ei6xucal cha,.2t,'istics [5!, 52, 57- scale-up the technique to cover large area substrates (> 4 inch
601. diameter) with uniform films, if the technique is going to be applied
- Laser ablation-plasma-assisted deposition of ferroelectric thin films for manufacturing film-based devices.
159, 60J may provide a suitable technique to synthesize the films at

Table 3a Deposition / processing conditions and compositional and microstructural characterization
of ferroelectric thin films produced by pulsed laser ablation-deposition.
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Table 3b Deposition / processing conditions and electrical characterization of ferroelectric thin
films produced by pulsed laser ablation -deposition.
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S1121 N. Terada, H. lhara, M . Jo, M. Hirabayashi, Y.

The extensive basic and applied research performed in the Kimura, K. Matsutani. K. Hirata, E. Ohn,

field of synthesis and characterization of ferroelectric thin films has R. Sugise, and F. Kawashima, Jap. J_ of App. Phys.
advanced the materials science and the technology bases of this vol. 27, 1.639, 1988.

materials for application in the manufacturing of advanced film-based [131 V. Dharmadhikan and W.W. Granninann, L
devices. It has been demonstrated hat physical vapor-deposition [13] Vh ika vol .53, p_
techniques are at the forefront of the ferroelectric materials Apl. hy.. vol. 53, p. 8988, 1982.
technology and they will continue to provide the means for studying [14] I.H. Pratt, Proc of the IEEE. vol. 59, p. 1440, 1971.
and producing films needed for advancing the device technology.

A1 [15] Y. Shintani and 0. Tada, Electron. Commun, Jpn.,
vol 56, p. 74, 1973.
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LiNbO, THIN FILM CAPACITOR AND TRANSISTOR PROCESSED BY
A NOVEl. METHOD OF PIIOTO-INDI)UED METALLO-ORGANIC DECOMPOSITION

Charles H.-J. Huang, He Lin. and Thomas A. Rabson
Rice University

Department of Electrical and Computer Engineering
Houston, TX 77251

Abstract totally foil the liftoff process. Huang has recently developed a
novel technique of photo- induced metallo-organic d-composit ion

A novel technique of photo-induced metallo-organic decom- (PIMOD) to overcome these problems [11. At a mudc lower
position (PIMOD) was developed to deposit dielectric thin films temperature (500"C) for a shorter processing time than required

without interdiffusion and cracking which were frequently found for the MOD process. crack- and inteidiffusion-free thin films of
in the films derived by the conventional furnace-processed MOD L;NbO 3 have been grown by the PIMOD process. This is the
method. Results of XRD and RBS confirm that polycrystalline first attempt to study the feasibility of fabricating the LiNbO3
stoichionietric thin films of lithium niobate can be produced un- MFSFET via the PIMOD process.
der a much lower temperature and within a shorter processing
time compared to the MOD process. LiNbO3-based capacitors Thin Film Growth
and transistors in an nietal-ferroelectric-semiconductor (MFS)
structure have been made via the PIMOD process. The MFS The metallo-organic precursor solutions, CgHi 5COOLi and
capacitors have yielded ferroelectric switching properties shown Nb(OC2 H5 )3 (CHlHgCOO) 2 (both in xylene), were mixed in the
by hysteresis in capacitance vs. voltage characteristics. Large appropriate cation ratio to form the formulation solution. Ther-
photocurrents were measured for 900 miu2 capacitors. Recent mogravimetric analysis (TGA) was implemented to measure theMFSFETs have achieved an amplification factor of 92.3, and weight loss of the individual solutions as a function of tempera-
the channel conductance of the devices has been demonstrated ture. A summary of the TGA results is given in Table 1. The
to be highly affected by the application of voltage pulses from thermogram for a LiNbO3 formulation solution heated IOC/min
the gate to the substrate, in air is shown in Fig. 1. The residue of the formulation solution

heated at a temperature higher than 480°C was determined by
Introduction x-ray diffractiqn to be stoichiometric lithium niobate.

Since the metal-ferroelectric-semiconductor field-effect tran- Table 1: Thermal decomposition behavior of metallo-organic
sistor (MFSFET) was first proposed by Wu [I] in 1974, the compounds.
device has drawn great attention by integrating the ferroelectric Coinmix in Xylen- Xylene I0" Decompomition R-idu-C•IR19COOLS 25-17b'•C 175-480T(' 4806C - (Li2'O)
film into a conventional semiconductor device [1-61. By replac- .Nb(oC, 5)3(cH•tIco o), 2`5-50,C 150-360*C 3600c. (NbO,)o
ing the gate oxide of a conventional metal-oxide-semiconductor Mixed 25-150xC 150.4800C 4S0-C - (LiNbO,)
(MOS) transistor with a ferroelectric material, the device may
possess several advantages over other computer memory cells, in-
chlding nonvolatility, fast switching speeds, and radiation hard-
ness, The use of a thin film of lithium niobate (LiNbO 3 ) as the
gate oxide offers the possibility of two different types of computer
memory architectures. In addition to the operation controlled
based on ferroelectric switching, the transistor characteristics to
of the device can be altered optically, which, based on the bulk "
photovoltaic effect, involves a shift in the transistor threshold by .
exposing the gate to laser light with different intensities. This, W
incorporated with other optical and electrooptic properties of
LiNbO 3 [7, 8], makes the device extremely useful in building the 4 -A.67'C
optical computer. 0 .•030/tC

A LiNbO 3-based MFSFET fabricated on silicon using the
r.f. magnetron sputtering technique and a molybdenum liftoff
process was recently reported by Rost et al. [6]. Considering
the high cost for mass production due to the use of a vacuum 0 , xx2 300 400 go0 0o,
technology, non-vacuum deposition methods such as sol-gel [9] Temperature (*C)
and metallo-organic decomposition (MOD) [101 have recently
received much attention. Due to the relatively long processing Figure 1: Thermogram for a LiNbO3 formulation solution
time (> 1 hr) and the high processing temperature (600-800°C) heated 10*C/min in air.
required for the MOD process, interdiffusion was found at the
LiNbO 3 -Si interface [11]. Utilization of rapid thermal annealing The formulation solution was spun onto a substrate at 3000
reduces the interdiffusion while increasing the chance of forming rpm for 30 sec to produce a uniform wet film. The sample was
cracks. Moreover, the molybdenum layer could be highly oxi- then rapidly heated by a tungsten halogen lamp to 500°C. which
dized at a temperature higher than 500°C (in air), which would was determined according to the thermogram, and the time of
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exposure was about 5 minutes to allow for the completion of the Layer hicesses:
involved reactions including evaporation of the solvent, decom-
position of the metallo-organic compounds, and sufficient oxi- Atr -10OW400A
dation of the film. The thickness of a single-layer film is about UNbO3 ~19O0AMolydenum -3000A
0.19 ± 0.1 jim. The processes of deposition and pyrolysis can be Plasma Oxide -9000A
repeated as many times until the film is of the required thick- b) Thick Oxide -8500A
ness. The films were often subjected to a post annealing process
to reduce the porosity and to improve the crystallinity. X-ray * Metallization
diffraction and Rutherford backscattering (RBS) confirm that
the films deposited by the PIMOD process are polycrystalline * LiNb•3
stoichiometric lithium niobate (7].

Device Fabrication 0 Molybenum

Capacitor 01 Plasma Oxide

To form the MFS (Metal-Ferroelectric-Semiconductor) ca- GFied Oxide
pacitors, gold-on-chromium top electrodes with areas about 0.0025
and 0.0050 cm2 were evaporated onto the lithium niobate films [] Diffusion
on p-type (111) Si. A thin layer of Cr is necessary to help ad-
hesion of the Au electrodes on the films. The thickness of the silicon
Au and Cr layers is 0.10 and 0.04 urm, respectively. The elec-
trodes possess some degree of transparency (3-4%) which allows
for optical measurement. Figure 2: Molybdenum liftoff process for fabricating i.iNbO3•

MFS transistors: a) prior to deposition. b) after LiNbO, and

Transistor Au/Cr deposition, c) after H20 2 etch step, and d) after HF etch
step.

For fabricating transistors with a 25x25 urm gate and ca-
pacitors with an area of 900 mil2, a molybdenum liftoff process
developed at Texas Instruments was used to isolate small areas
of lithium niobate. The liftoff process is outlined in Fig. 2. A
gold-on-chromium overlayer, the same as those described previ-
ously, was thermally evaporated onto a patterned silicon wafer.
The thickness of the lithium niobate film in the MFSFET de-
vices investigated was 0.19 pm. A 30% H20 2 etch removed all of
the molybdenum and thus all ttue lithium niobate not directly in
contact with the silicon. A second etch step, 4.9% HF solution,
removed the plasma oxide, allowing electrical connection to the
source and drain areas. MFSFET transistors and 900 mil2 ca-
pacitors were now completely fabricated and ready for testing.
A picture of two transistors, with a 25x25 pm gate, after going
through all the etch steps is shown in Fig. 3.

The most critical parameter in making the LiNbO 3 MFS- Figure 3: LiNbO3 MFS transistors (gate area = 25x25 pmo)
FET transistor using the PIMOD process is the temperature of after etching is complete.
the wafer. Since the PIMOD process is generally carried out
in air, high oxidation of the molybdenum occurs at a tempera- tungsten probe was positioned to make contact with the elec-
ture higher than 500"C, which can totally foil the liftoff process. trode. By I-V measurement, the resistivity of the thin films of
However, the decomposition process can not be completed if the lithium niobate is determined to be in the range of 10" QScm.
surface temperature does not exceed 4800C. In this case extra Capacitance vs. voltage characteristic curves were measured by
C and H in the LiNbO 3 films form defects which decrease the applying a signal of 30 mV amplitude at I MNtz while linearly
chemical resistance of the films thereby making the HF etch step ramping the DC offset of the signal slowly in time. Fig. 4 shows
more difficult to implement. A substrate temperature of 490'C a curve taken without light exposure of a LiNbO3 NI FS capacitor
and an exposure time of 5 minutes are thus considered to be on p-type(Ill) Si wafer. The hysteresis loop is due to the polar-
the optimal parameters to be compatible with the molybdenum ization reversal in the ferroelectric film. The dielectric constant
liftoff process. After the H20 2 etch step, a post annealing in 10 of the films can be calculated from the capacitance provided the
mTorr oxygen at 520-5500 C for one hour is often performed to thickness of the film and the area under the electrode are given.
improve the crystallinity of the film. The dielectric constant of a 2000 A thick LiNbO3 film was cal-

culated to be 22. The value is slightly smaller than the bulk
Device Properties value, which might be attributed to the existence of an oxide

buffer layer acting as a series capacitor.
Capacitor Characteristics To measure the photo-properties of the filins, green (543.5

nm) and red (632.8 nm) lie-Ne lasers. with a power of 0.9! mV.
For electrical measurements the wafer was placed on a gold- were directed onto the electrode being probed. and the pho-

coated wafer chuck in a shielded, light tight enclosure. A small tocurrent was recorded as a function of time. Fig. 5 shows the
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I MHz Capacitance vs. voltage with the HP4-145 semiconductor parameter analyzer. The gate
230 leakage for the devices was about 1 nA (VG = 1 V, VDs = 2

V), indicating that the liftoff process was successful, and the
areas of the devices were correctly defined. Fig. 6 shows the

228- ""transistor curve trace of a device with a 2.5 x 25 jm gate. From
these curve traces, basic transistor parameters can be calculated.

227- ,The output conductance is given by
S226 .'.,O~

ct 225-' 4V s

224- 'and the transconductance is

223 9IDS V2s
Y"- Ov 

(2)
222 ""........

222.~- .....----------
VIo

221 The amplification factor can then be defined by
3 -2 -1 0 13

Voltage (V) = . (3)
gd

Figure 4: C-V curve for a 2000 A thick LiNbO3 film PIMOD-
processed on a p-type (11) Si wafer. (0.20 V steps, 1 sec in- -0

tervals, 3 sec hold at voltage extremes. Electrode area -- 0.0025
cm 2.) S4

photocurrents generated by shining the green laser on a 900 '

mil 2 capacitor. A smaller response was observed if a red light 40
was used. This could be attributed to a higher absorption for
LiNbO3 in the greeai region. Moreover, the photocurrent was S• 30
flowing in the opposite direction when the laser was incident 0

onto a p-n junction, which excluded the possibility that the pho- 20
tocurrent might be generated in the depletion layer. Therefore, 20

it is concluded that the photocurrent is produced by the pyro-
electric effcct and the bulk photovoltaic effect in the LiNbO 3  10
film, and the direction of the photocurrent corresponds to the Vg=2V
+c axis of the film being oriented into the silicon substrate. It ,Vg--OV, IV
is encouraging that a large photocurrent of 3.3 nA has been ob- 0 0.5 1 1.5 2 2.5 3

served. This indicates that the LiNbO 3 -based devices possess Vds (V)
a great potential on various applications in the optoelectronics
and integrated optics areas. Figure 6: Transistor curve trace for a 25 x 25 pm device.

In saturation, the output conductance (9d) was calculated, at

3500 VG = 2 V, to be 0.24 pS. The transconductance (g,,) was rnea-

3000 sured to be 22.24 pS at a VDS of 2 V with Vc from 2 to 3
V. The amplification factor of the device was then determined

2500 to be 92.3, which compares superably with the only other pub-

2000 lished data (p = 64) on MFS transistors [6). For a conventional
SMOS transistor, the channel current in saturation, IDS .- can
o.s500 . be approximated by

1000 
los, = k(l'G - 1') 2  

(4)
S500

U 0where k is a constant and VT is the threshold voltage. By us-

0reen laser on ing this equation, a threshold voltage of about 1.33 V was de-
-500 termined for this device. The results of the measurements are

-1000- .shown in Table 2.
Green laser off A pulsing experiment was implemented to study the switch-

-45
0 o 4 6 10 12 ing performance of a 25x25 lim device. Voltage pulses of I pis

Time(sec) were applied from the gate to the silicon substrate. As shown
in Fig. 7, the channel current in saturation with 3 V on the

Figure 5: Photocurrents measurement for a 900 mil 2 capacitor gate can be decreased from 27.7 to 3.0 JA by applying a +10 V

after isolation. pulse. The curve was then restored to the original when a pulse
of opposite polarity (-10 V) was applied. This shows that a fea-

MFSFET Characteristics sible LiNbO 3 -based MFSFET logic device can be fabricated by
the molybdenum liftoff process. The simplicity of the PIMOD

The characteristics of the resulting transistors N•ere measured process ensures low cost for mass production.
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Table 2: Measured transistor parameters for a LiNbO.3 MFSF H i. Buhay.ý S. Sinharoy. W. ff. hasner. N, H1. Franconibe.

with a 2.5 A25 pin gate area. 1). R.. L~ampe, ard E. Strpke. -Pulsed Laser Deposit ion and

Parameter Value 1-erroelectric Characte~rization of Bismuth Titanate Filrni,.

Gate current (VG ; V. VDos 2 V) I J-x Applied Physics Lettei-ý. vol. 5S. pp. 147U- 14-12. 1991

Output conductance I V'u = 2 V ) 0. 21 j t-
Transconductance (V.; \''j 1' 1? = u3V 2.1p . st. 11. L in . and 1.I A - Ha hso ii, Ferroeletst ri, ýs "i I li n g

Amiplificationi factor 92A 1 'faFed teiYasdrwtIiaLtliii l~t
Threshold voltage 1.3 Inisulator," Apphle Pih sics Letters, vol. 59. li.3-It 36^10.

1991.

30 C . iff I1 lluarig. 11. [in. aid -1 . A. liabsuii- Integrated

(A) efoe plsiOptic D~evices Based on 'Thin Film Lithili o N ihatVe.

A)Beor Proceedings of the 4th lIiterrat~ional S~vinpo~iumini hiite-

25 <-grated Ferruelect rics (ISIF '92 1. Moiitcrt \. CA.. Nli~il 1 'J

11. 1992. (to be published)I

20- -T. A. Habson and C_ 11.i -Jfoi-.. na. let rolni, aid
Optical Applications on Thin Filiti Lithiiiim -iu,,-e

S15 Pruceediiigs of the 4th liiternatioiial Svriip.m~iuni on lu1te

grated Ferroelect rics ISI F '92). Montit rr\ . ('A. %l-: rhi-

10- 11, 1992. (to he publis~hed)

[91 . P). Partlow and J. (rv".I. l'ropertie, and \Ii~rostriu

5-(B) After +I O puls~ing tu'e of -1hiii LAWO Finms Prepared by% a 04l (li'ot v->."
Journal of Materials Research, uol. 2. pp. ')95-ti605. I9

0 0.5 I 1.5 2 2.5 3 1l01 R. WV. Vest and R. C. R.. Wu. - The Flect rical Propert ie' and

Vds (V) Epitaxial G;rowth of LiNbO, Films by the \101)P ce.
Proceedings of the 1990 IEFE 7thI Interriati onal Svrnp-

Figure 7: Channel current vs. channel volt age for all n-chauu 110 siurn on lie Applications of Ferroelectrics. I rhis a, If-, ppý

L~iNbO3 NIFSFEI' before and after voltage pul~ses are applied I70-1 76. June 6-8, 1990.
front the gate to the silicon substrate, all at a gate voltage of :j i J(.I-.Itag li in ilillNtlt p ~~
V'. Curve 1B is then restored to curve A- when -10l C, pulse areng "Ti -i ihu ibi pi

applied. -1 ple- r avegllides for Integrated Optics." Plil) [liesi". R ice I ii

versitv. Houston. 19492.

Concluisions

A novel PI MOD) process has heen used to grow thiti filmts of
LiNhO:, acting as the gate oxide of an MFSFET device. Small
areas of Li Nb0 3 on silicon antI a LiNbO 3 MEFS transistor withI

"a gate area of 25 x25 jan1 hlave been sticcessfiillv fabricated hv
"a mnolvbdentlm liftoff technique. The first measuiremenits of the
LiNbO-1 NIFS VET device are encoturaging. The transistor pa-

ratlleters compare favorably with other published data as well
as conventional MOS devices. 'The channel current was shown to
he greatly change by the application of voltage pulses- from the
gate to the substrate. The fatigue and retenition characteristics
of the device are culrrently under investigation.
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PHOTO-CVD OF FERROELECTRIC Pb(Zr,Ti)0 3 "HIN FILMS

Takuma Kataxama, Masataka Sugiyama, Masaru Shimizu
and Tadashi Shiosaki

Department of Electronics, Kyoto University, Kyoto 606,Japan

Abstract: Pb(Zr,Ti)O, thin films were grown by the photo-CVD (Pb(C 2H1)4), zirconium tetratertiarybutoxide (Zr(0-t-C 4H,)4), tita-
method using Pb(C,H 4 . Zr(0-t-C 4H9 )4. Ti(0-i-CH 7 )4 and 0,. In nium tetraisopropoxide (Ti(O-i-CH,)4 ) and oxygen (02) were used
this growth system, both tetragonal Pb(Zr,Ti)0 3 films and rhombo- as source materials. The concentration of each metallorganic precur-
hedral Pb(Zr,Ti)O, films were successfully obtained, and the (111)- sor was controlled by both source tank temperature and Ar carrier
orientation of the tctragonal films was affected by the photoirradia- gas flow rate. Substrates used were (IlI )Pt;SiO,i'Si, SiO, 'Si and
tion. It was also proen that the photo-process enhanced the reac- (000)sapphire. The PO(Zr,Ti)O3 films were grown at substrate
tions involving the Zr precursors and this enhancement caused tmeathre. Thi fro to)03 Il wee grown at subsra
compositional changes and an increase in growth rates. Some dec- temperatures ranging from 525 to b6O0C. In the photo-CVD exper-
trical properties of the films, which were related to the ferroclectric iments, the substrates were directly irradiated by the UV light emit-
memory device qualities, were also detailed. ted by a Xe-Hg lamp.

Introduction Results and Discussion

Ferroclectric thin films integrated with semiconductors have Structural Nature
a high potential for use as essential materials of future electronic and The crystalline phases and orientation properties of the films
optical devices. In particular, thin films of lead zirconate titanate deposited on Pt/SiO,iSi and sapphire substrates were investigated. In
(Pb(Zr,Ti)0 1) and related perovskite oxides are the most attractive the case of the growth onto Pt/SiO,/Si, both Ph(Zr,TiK)3 thin films
for applications to ferroelectric nonvolatilc memories, high-density with a tetragonal phase and those with a rhombohedral phase could
DRAMs. piezoelectric microactuators, pyroclectric sensors and so be obtained without annealing. The crystalline phases of the films
on. For the realization of fcrroclectric thin film devices, there are were significantly affected by the substrate temperatures and source
some technological issues to be solved, such as film deposition, supply conditions, and higher substrate temperatures were required
annealing, etching and formation of electrodes. Regarding the film to grow rhombohedral Pb(Zr,Ti)O films than tetragonal
deposition, the chemical vapor deposition (CVD) method using Pb(Zr,Ti)O 3 films. Details of the crystalline phases of the films
metallorganic sources is one of the most promising techniques to deposited by the conventional thermal-CVD method (without
obtain device-quality Pb(Zr,Ti)O, films. The advantages of the photoirradiation) were reported elsewhere.7 When the photo-CVD
CVD method are fairly high growth rate, high productivity, good was carried out, we obtained films with the same crystalline phases
controllability of the film composition and excellent step coverage as were grown by the thermal-CVD method, and it was difficult to
characteristics. Moreover, it is of great interest to combine the CVD reduce the growth temperature for the formation of perovskite single
technique with the plasma-enhanced and the photo-enhanced
processes in order to reduce growth temperature and to improve thin
film quality.

We have proposed the ph,,(e -,-,.h.,nccd CXD nct.cJ ,c
new technique for the growth of ferroclectric thin films and have
been developing this method to obtain PbTiO 3 and Pb(Zr,Ti)0 3
films. In our previous study, it was clearly established that the
photo-enhanced process during the CVD growth had some effects
on the structural, compositional and electrical properties of both
PbTiO7 and Pb(Zr,Ti)03 thin films.'- 6 In this paper, we will report
new experimental results on the growth of Pb(Zr,Ti)0O thin films by
our photo-CVD method and discuss in detail effects of the photoir-
radiation on crystallinity, composition and growth rate. Seve:.l elec- '

trical properties of Pb(Zr,Ti)03 thin films related to the memory ' ,.
device applications are also described. '

Experimental procedure
ýb)

The photo-CVD system for the formation of Pb(Zr,Ti)O3
thin films was the same one as has been already reported.6 The
growth ,.onditions are summarized in Table 1. Tetracthyl lead

Table I. Growth conditions of Pb(Zr.Ti)0 3 thin films.

Source Temperature Pb(C 2 H5 )4 : 00C
Zr(O-t-C 4H9)4 : 35°C
Ti(O-i-C 3 H7 )4: 350C p

Ar Carrier Flow Rate Pb(C 2H5 )4: 80sccm
Zr(O-t-C 4H 9 ) 4 : 20-70sccm
Ti(0-i-C 3H7)4: 26-76sccm 20 30 ,c

02 Flow Rate: 240sccm HTAh d ,
Substrate Temperature: 525-660°C
Total Pressure: 6Torr. Fig.1. X-ray diffraction patterns of the tetragonal Pb(Zr.Ti)Ol thin
UV Light Source: Xe-Hg Lamp (220-600nm) films grown at 605°C by photo-CVD. Substrates used were

(a)Pt/Si0 2/Si and (b)(0001)sapphire.

(I 130•0-0--7803-0465-9/92S3.(X) ©DIEEE 336



phase Pb(Zr,Ti)0 3 in the present photo-CVD system. It seems were dominantly grown. At this gas supply condition, the photoirra-
necessary to select more effectual source materials and/or light diation enhanced the growth rates of the films, but only slightly. On
soorces in order to achieve low tempeiaturc growth. On the other the other hand, the films grown at the [Zrli([Zrl+ITiD ratio of 0.65
hand, orientation properties of the films were affected by the pho- had lower growth rates than the films grown at the LZrl!([Zrj+[TiD
toirradiation. In particular, the photodeposited tetragonal ratio of 0.41. This decrease in the growth rates was related to the
Pb(Zr,Ti)O3 showed higher (11 )-orientation than the films grown value of k,/kr, less than unity, as mentioned in the previous para-
by thermal-CVD. However, (111 )-single-oriented Pb(Zr,Ti)0 3
films could not yet be obtained, perhaps because of the low ( 111)- 1 F . . . . A

orientation of the sputtered Pt layers of the substrates. Figure 1(a) Ps(Zr, T)03 on S1O2 S/
shows an X-ray diffraction pattern of a PhZr1u47.TiýS 3)O3 thin film . r Ts z 600C

grown on Pt/SiOVSi by the photo-CVD method. (substrate tempera- EXPER!MENTAL DATA
"ture; tem a-00.8 PHOTO CVD

ture; 605T) 0.8 I THERMAL CV,
When the (000l)sapphire substrates were used, tetragonal THEORETICAL CURVE

Pb(Zr,Ti)O3 thin films were obtained, but rhombohedral films could r PHOTO CVD_j KZr ! kT, i 48

not be grown because ZrO 2 was formed more easily. In the case of < 0.6 THERMAL CVD
the growth onto sapphire, there was a distinct improvement in the 0 (Zr kTi Q1 41

(111 )-orientation of the tetragonal Pb(Zr,Ti)O 3 films in the photo-
CVD process. Figure 1(b) shows an X-ray diffraction pattern ot a 46'

photodeposited tetragonal Pb(Zr,Ti)0 3 film (the composition was i
not investigated yet) grown on sapphire at 605'C. These results 0 11
indicate that the effects of the photoirradiation oa film orientation
were dependent on the substrate materials. 0 0<

Film Composition
The compositions of the tetragonal Pb(Zr,Ti)0 3 films grown

on SiO 2/Si substrates were methodically analyzed by inductively 0 0.2 0.4 0.6 0.8
coupled plasma (ICP) emission spectrometry. Figure 2 shows the [Zr] / ([Zr÷['Ti])
dependence of the Zr/(Zr+Ti) compositional ratio of the films on
relative supply ratio of the Zr source ((ZrJ/([Zrl+(TiI)). The symbols Fig.2. The dependence of Zr/(Zr+Ti) compositional ratio of films on
of jZrj and [TiJ indicate the supply rates of the Zr and Ti source relative supply ratio of the Zr source (jZrl(jZrjjTi])).
materials, respectively, which v re changed by controlling the vapor
pressure and carrier gas flow ,ate of each sources. As shown in
Fig.2, the photodeposited films had higher Zr/(Zr+Ti) ratios than the (a) [Zr] I ([Zr] + [Tij) 0 41
films obtained without photoirradiation. In order to evaluate these
data theoretically, we assume that the number of a metal cation:M 30 Pb(Zr,Ti)0 3 on PLt'0 2/SO
contained in a film (N,) was proportional to the source supply rate
of M ([MI), that is;

NM= kM M/ed (1) c20,

where t
d is a deposition t.me. The new constant of k, was equivalent <

to the yield of M during the CVD growth run. Under this assump- I

tion, the relative Zr compositional ratio of the films (X=Zr/(Zr+ Ti)) 1 JlO
was considered to be a function of the relative Zr supply ratio 0

PHOTO CVD(x=fZr//(fZrl+JTi/)) as; g THERMAL CVo 1

k,• / kr,•
X =_(2). 500 600 700S+ (2).x SUBSTRATE TEMPERATURE (-C)

(kz,;fkn) + ((l-x)/x)

The theoretical curves calculated from the experimental data by the (b) (Zr[ ( [Zrl + [Ti,) = 0 65

least squares method are also drawn in Fig.2. This statistical evalua- 30
tion revealed that the atomic yield ratio between Zr and Ti (kz,/kn) Pb(Zr,TI)03 on PtSiO2/Si
was 0.41 when the films were grown without photoirradiation. On L L
the other hand, in the photo-CVD process, kb,!kn was estimated to E
be 0.48, which was higher than that of the thermal-CVD. Therefore, t 0.
it was probable that the UV light irradiation enhanced the reactions c !

of the Zr precursors more drastically than these of Ti precursors. C

Growth Rate T 1 0r

The growth rates of the tetragonal Pb(ZrTi)O3 films ob- 10'
tained on Pt/SiO2/Si at various {ZrI/((ZrI+(TiI) supply ratios and 0rPHTC
substrate temperatures were investigated. Figures 3(a) and 3(0) show THERMALOTO CVv

the substrate temperature dependence of the growth rate of the films I !
grown at [Zr]/([Zr]+[TiI) ratios of (a)0.41 and (b)0.65, respectively. 500 600 700

When the [Zrl/([Zrl+[TiJ) ratio was 0.41, the growth rates of the SUBSTRATE TEMPERATURE ((C)
films were in the range from 17 to l9nm/min. at substrate tempera-
tures higher than 578°C, where the perovskite Pb(Zr,Ti)O 3 thin films Fig.3. The dependence of growth rate of films on substrate tempera-

ture. IZrI/(IZrl+lTil) ratios were (a)0.41 and (b)0.65.
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graph. That is to say, it was difficult to achieve the high-rate growth pulse amplitudes higher than 8V were required to switch the ferro-
of Pb(Zr,Ti)0 3 at the high Zr source concentrations because the electric domains in the Pb(ZrTi)0 3 films completely. On the other
yield of the Zr source in the CVD growth was lower than that of the hand, the switching times of the films monotonically shortened as
Ti source. However, the presence of photoirradiation during the the area of the upper electrode decreased. When electrodes with the
growth run helped to increase the growth rates of the films obtained areas less than 5.0xlO-5

cm
2 were used, switching times as short as

at the iZrl/(IZrl+[Til) ratio of 0.65. This means that the effects of 50-70ns could be achieved, as shown in Fig.6.
the UV light irradiation on the growth rate were dependent on the
gas supply conditions, and tended to become greater as the relative
Zr supply ratio increased. Therefore, it was probable that the photo-
process significantly promoted the chemical reactions involving the Pb(Zr.Ti)0 3 on Pt/SiO 2/Si
Zr precursors in the CVD growth. As for the effects of the photo- Z 0 PHOTO CVD

enhancement, the result on the growth rate concurred well with that < a THERMAL CVD
on the film composition, as described above. on7

0O600-
Electrical Properties 0

We also measured several electrical properties of the films, if 0
I--

such as dielectric corstants, ferroelectric hysteresis properties, polar- (
izatiori switching characteristics and current-voltage characteristics. j 400

In this paper, we will report the electrical properties of the o 0
Pb(Zrý,Ti- 1x)O3 thin films (some of them included the other crystal- W

line phases) gi- vri either by thermal-CVD or photo-CVD, where - 200
the valu !s of X w re 0.43-0.48. These films were obtained at the

w l
(Zrl/((Zrl+[Ti]) supply ratio of 0.65 and at substrate temperatures r
ranging from 525 to 660'C. The thicknesses of the films measured 0 1 1 ,
were between 280 and 320nm. Au upper ciectrodes with areas in a 500 600 700
range trom 3.8x10--s to 1.OxlO- 2cm 2 were prepared on the SUBSTRATE TEMPERATURE( 0 C)
Pb(Zr,Ti)0 3 films for the various electrical measurements.

The rciationship between tne relative dielectric constant of Fig.4. The dependence of relative dielectric constant of films on
the films and the substrate temperatu - is shown in Fig.4. The di- substrate temperature.
electric constants were drastically affected by the substrate tempera-
ture because the crystalline properties of the films depended on the
'ubstrate temperature. At substrate temperatures around 578°C, E 80
where the Pb(Zr,Ti)0 3 films with perovskite single phase were
successfully obtained, the relative dielectric constants if the films Z
were as high as 500-600. Moreover, the photodepositec thin films 40
had higher dielectric constants than the films grown without nhotoir- z

ILradiation at this temperature range. This increase in the dielectric
constant was due L, the compositional and/or structural changes C) 0
caused by the photoirradiation

The ferroelectric properties of the Pb(Zr,Ti)0 3 thin films Q.U)
were evaluated by observing the D-E hysteresis loops at 1 kHz using 0-40
the conventional Sawyer-Towcr circuit. Figure 5 illustrates a typical d
h•steresis loop of a 320)nm-thick Pb(Zr,Ti)0 3 film grown at 550°C A= 1 5x10-4r2

by our photo-CVD method. The films grown at substrate tempera- • -80
tures lower than 632°C showed dis:inct ferroeectric hysteresis w -600 -300 0 300 600
loops, regardless of whethei the photoirradiation was present or not. APPLIED ELECTRIC FIELD ( kV/cm)
As shown in Fig.4. most hysteresis loops of the films obtained in our
experiments were asymmetric because of the existence of an internal Fig.5. D-E hysteresis loop of a 320nm-thick Pb(Zr,Ti)0 3 film
bias field. The cause of this bias field is not clear vet. Though the grown at 550TC by photo-CVD.
asymmetric shapes of the hysteresis loops prevented us from meas-
uring accurate values of the remanent polarizations and coercive
fields of the films, the\ were approximately estimated as 20- 2_
354V' cm 2 and '0-90kV cm, respectivcly. The remanent polariza- THICHNESS =320Am 5,2
tins of the films tended to decrease as the substrate temperature SELECHROOE AREA D38Tx1O- cm2 C

t/rs f heSWITCHED CHARGE DENSIT= 25 uCC/c
2

increased, because the crystalline structures of the Pb(ZrTi)0 3  SWITCHING TIME = 52ns

films changed from the c-axis (the polarization axis) oriented struc-
ture to the (I lI )-preferential oriented structure with the substrate
temperature. 0

The polarization switching characteristics of the Pb(ZrTi)0 3  zLLIJ

thin films were investigated, by applying double bipolar pulses with 4

amplitudcs ranging from 2 to 8V. The A dths of the pulses used Z 1
were varied from I to 20,.s. Figure 6 shows the polarization switch-
ing current characteristic f the Pb(Zr.Ti)Oa L> film grown at a:
550'C by photu-CVD. This figure indicatcs the difference between 0 2

200the switching current transt.n't generated by the first and third pulses C 100
and the non-switching current transient generated by the second and TIME ( ,s)
forth pulses, which were observcd using a 51Q sense resistor. The
switched charge densities measured were ?')-30pC/cm 2 , which were Fig.6. Polarization swithing current characteristic of the Pb(Zr,Ti)O,
less than double the remanent polarizations of the films, because film grown at 550TC by photo-CVD.
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substrates. However, it was difficult to reduce the substrate tempera-
APPLIED VOLTAGE (V) lures required to grow the pcrovskite Pb(Zr,Ti)0O in the present

0 2 4 6 8 photo-CVD system. The UV light irradiation during the CVD
THICHNESS = 320nm growth helped to increase both the relative Zr compositional ratios

EELECTRODE AREA = 10x-2 2
cm 2  and growth rates of the films. These results revealed that the photo-

E 10-2 process enhanced the chemical reactions involving the Zr precur-
sors.

S10-4 The electrical properties of the obtained tetragonal
Zn Pb(Zr,Ti)0 3 thin films and their dependence on the substrate tem-
U Tsub 6050C perature were also investigated. The Pb(Zr,Ti)O1 films with the

° -highest dielectric constants were grown around 578°C. On the other
Z hand, the films with geood ferroelectric properties ind excellent leak-

S10-8 Tsub =5500C age current characteristics were successfully obtained at substrate
cr -temperatures as low as 550'C. These films showed high-speed
o 10-10 0 polarization switching behaviors. We also observed some effects of

100 200 300 the photoirradiation on the electrical properties, e.g., an increase in
APPLIED ELECTRIC FIELD (kv/cm) dielectric constants. Therefore, detailed investigations of the rela-

tionship between the photo-process and the electrical properties areFig.7. Leakage current characteristics of Pb(Zr,Ti)O3 thin films now conducted.
grown by photo-CVD.
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MOCVD GROWTH OF BaTiO 3 IN AN 8" SINGLE-WAFER CVD REACTOR
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r Technical approach

Standard ONO capacitors may be replaced by high dielectric u"vVD of complex oxides (both ferroelectric perovskites and
constant materials such as Bal.xSrxTiO3 (BST) in 256 megabit (Mb) high Tc films) has been ongoing at ATM for the past five years and
and 1 gigabit (Gb) dynamic random access memories (DRAMs). A during that time we have identified the key process parameters
reduced pressure MOCVD process for the growth of BaSrTiO3 thin which substantially impact film stoichiometry and crystallinity.
films was developed in a 2" inverted-vertical reactor and This experience provides the basis of our technical approach for
preliminary studies were carried out to scale this process to a scaling processes developed in relatively small "research" CVD
commercially available single-wafer tool. Novel process reactors to a larger CVD reactor which is described below.
technology was used as the CVD sources were dissolved in a liquid
which was metered into a vaporizer with a high precision pump .
Implementation of this process gave uniform deposition of perovskite Thermal vs. Rlasma-enhanced MOCVD
phase BaTiO 3 over the entire surface of a 150 mm Pt metallized Si
wafer. These films exhibited crystallographic texture in the [100] An important consideration in the development of the BST
direction and thickness uniformity better than ±t10%. The BaS9ri03 MOCVD process was the energy source for activation of the
thin films grown in the 2" reactor were predominantly [1111 precursors (both cation and oxygen) and film crystallization; a
oriented; dielectric constants greater than 400 and dc leakage of 7 x standard thermal process employing a N2 0/0 2 oxidizer gas mixture
10-6 A/cm were achieved. was selected. In previous efforts an RF plasma was used to remotely

generate atomic oxygen (and other active species), which were then
transported to the substrate via gas flow in the reactor. Remote

Liectiv.e_ generation of short-lived, excited species such as atomic oxygen
results in large reactant concentration gradients making control of

BaTiO3-SrTiO 3 is a set of solid solutions with exceptional growth conditions over a large area difficult. Another shortcoming
electronic properties; the temperature dependence and amplitude of is the strong tendency of the 02 plasma by-products to stimulate
the dielectric constant can be engineered via manipulation of the premature gas-phase reactions with the metalorganics, even at very
Ba:Sr ratio and the grain size.1  These properties enable many low plasma powers. Particulates resulting from premature
applications for this material, which include storage capacitors in reactions are not acceptable in a VLSI device manufacturing step;
conventional as well as low temperature Si-based integrated stringent cleanliness requirements are being driven by ever
electronics 2 , pyroelectric detector array elements in room decreasing device feature size and increasing yield requirements,
temperature infrared sensrzs, 3 cell capacitors in dynamic and especially for DRAMs.
static random access memories (DRAMs and SRAMs), decoupling
capacitors for E-M noise suppression 4 , and filters for cellular Standard thermal MOCVD processes are much simpler to
communications. control their plasma assisted analogs and once developed, scaling to

different reactor geometries is less difficult. Recent results obtained
The use of BST thin films for 256 Mb and 1 Gb DRAMs is by ATM13 and reported in the literature14,15,1 6 in the MOCVD of

being actively investigated by several groups; high capacitance per related Ba and Sr containing compounds (high temperature
unit area and low dc leakage have been demonstrated using various superconductors) indicate that replacing oxygen with N20 or ozone
film deposition methods that include physical vapor deposition (03) has a similar effect as a remote oxygen plasma in lowering the
(PVD), chemical vapor deposition (CVD) and "wet" techniques. temperature required for the in-situ formation of the perovskite
These methods include ion 5 and magnetron sputtering6 , reactive co- phase. Both N2 0 and ozone are thermally more liable than oxygen
evaporation 7 , metalorganic chemical '*.ipor deposition (MOCVD)8  leading to higher concentration of atomic oxygen (vs. molecular) at
and metal-organic decomposition, which entails either sp.n-on or moderate temperatures and it has been widely speculated that this is
nebulized liquid application of metalorganic precursors followed by the underlying mechanism responsible for reducing the deposition
heat treatments 9 . The primary focus of these efforts has been to temperature of the Ba- and Sr- based perovskites. Thermal
deposit BST thin films with electrical properties suitable for use as decomposition of N2 0 may in fact be a significant (or predominant)
storage capacitors in ULSI DRAMs. Miyasaka et al. have recently mechanism in plasma-enhanced processes that employ this gas.
reviewed BST film performance and compared present performance The scaling of the BST MOCVD process has thereforp focused on
to the projected capacitance/area required at storage nodes for 256 Mb thermal decomposition of N2 0 as a low temperature source of atomic
and 1 Gb DRAMslO. Equivalent Si0 2 thickness1 1 (teq) of oxygen. Figure 1 schematically illustrates this approach for scaling
approximately 0.3 nm is required fcor planar capacitors in 256 Mb the BST deposition process to the Watkins-Johnson Select 7000
devices. Present ONO multilayers 1 2 have ten ý 5 nm.. Ta9Os films reactor. Development of a thermal process was the first step; initial
have teq - 2.5 nm. and results to-date for BST films deposited using work in the 8" reactor utilized a ternary system, BaTiO 3 , to simplify
PVD methods are limited to teq - 1 nm. While this falls short of process and thin film characterization.
required capacitance/area by a factor of 3, required capacitance may
be realized by moderate increases in the effective capacitor area by_
conformal BST deposition over a 3 dimensional bottom electrode of IRemotej Thermal ThermalMOC
moderate topography. PEMOCD - MOCVD -• F WJSelec7(5)0

l2 reactrJ in 2" reactor reactor

Chemical vapor deposition (CVD) is uniquely capable of
uniform, conformal deposition over submicron features which, in
addition to the ease or scale-up to manufacturing volumes, is the BrTiO3 BaSTiO3 BaTiO3
main reason for its widespread acceptance in the semiconductor IC
industry. The development of a BST MOCVD process in a research Figrp I Schematic of technical approach. A thermal process for
tool and subsequent scale-up to a state-of-the-art commercial CVD BST deposition has been implemented in a 2" reactor; initial work
syste.-n is described below. in the 8" reactor will use this process and concentrate on BaTiO 3 .
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Precursor deliurv tn the~a ractOrn ELRT film mormholny and eryatnllinit,

A seoend major issue in the development of a BST MOCVD X-ray diffraction indicates that films grown under these
process is the controlled introduction of relatively involatile conditions were perovskite phase with preferred orientation (texture)
precursors to the reactor. Regardless of the type of compound in the [f11) direction. (Figure 3) The Pt film substrate also had this
(inorganic, metalorganic, alkozide, etc.) the desirability of CVD for predominant orientation. In contrast; BST films grown using an 02
film deposition has intensified the search for CVD precursors for plasma-enhanced process 2 3 with otherwise similar deposition
many materials where obvious choices (gaseous compounds) do not conditions were typically random oriented; the reason for this
exist, and in general the volatility of these new sources is somewhat difference is not known at present.
less than what is desired. Quite often liquid sources (and sometimes
solid sources) are the only viable precursor choice 1 7 , and
conventional techniques for controlled vaporization and delivery of
these compounds utilizing bubblers do not give reproducible
results. 18 Consequently, an alternative approach 1 9 which uses
liquid solutions of the metalorganic precursors was developed. In
this approach, the liquid solutions were supplied to a vaporization jig_________________________

zone using a high precision pump. (Figure 2) Downstream of the
vaporization zone a homogeneous gas of the precursors flows to the
reactor; this part of the system must be heated to prevent condensation
of the reactants. The major advantage of the liquid delivery Pt
approach is that liquids can be mixed just prior to vaporization;
besides the simplicity of this approach the ability to make slight
composition adjustments via computer control makes this approach
highly desirable. Once the process hae optimized, the simultaneousI
delivery of all the cation species to the substrates via a single solution 1111
is possible and this is inherently superior to separate precursor 11101 i 200)
manifolds in terms of both film stoichiometry and system
complexity. This technique has been successfully used by ATM for
growth of BaSrTi03 and YBaCuO 2 0 . Properties of HTSC and
ferroelectric films deposited using this process have been
comparable to films grown by any technique and to the best of our _ _ _

knowledge in the case of the BST superior to all published CVD
results. The controlled delivery of relatively involatile CVD 30 32. 34 36. 38. 40. 42. 44. 46. 48.

precursors offered by this technique opens the doors to a broad range
of CVD processes, especially those which employ simultaneous Figure. X-ray diffraction, BST deposited using the thermal process
delivery of several compounds. The possibility of donor-doping to on metallized Pt. JCPDS Card# 34-411 (Bao.6Sr0.4 TiO3) is overlaid.
suppress dc leakage may also be addressed in a simple way by use of
this technique. Film morphology was quite smooth, comprised of a

homogeneous, tightly packed system of crystallites that were less
than 1000A in diameter. Surface roughness was measured using

fIuquid stylus profilometry.2 4  Poughness of the BST films on the Pt
metallization was typically 50-70A RMS, although this value was not

Uquid JUquid significantly different from that of the metallized Si which was
PWP reservoir exposed to the growth conditions without the metalorganics present,indicating that the BST film contributed little additional roughness.

Roughening of the Pt bottom electrode coupled with partial oxidation

VD Precursor g Vaporization of the refractory metal binder layer has also been reported by otherrect r ecro ae
3 Poneworkers.

2 5 ,2 6

BST film electrical nronertips

Dielectric properties from 100 Hz to 1 MHz were measured

FigaurL2 Schematic of liquid delivery technique for simultaneous, with an HP 4192A impedance analyzer, using evaporated gold
controlled introduction of metalorganic compounds to the CVD contacts and the Pt base layer as the top and bottom electrodes,
reactor. respectively. Polarization vs. E-field was measured using a

modified Sawyer-Tower circuit configuration. DC conductivity was
measured using a Keithley 617 electrometer. The field dependence

BaSrTiOp film nroperties (2" reactor) of the dielectric constant or "quasi-static C-V characteristic" of the
BST films was determined with the impedance analyzer at 1 MHz (1

Procese descrintion mV) and a sweeping dc voltage (+10 to -10 V).

As described above a thermal CVD process for BST was first Films typically showed slight ff.-oroelectricity, for example a
developed in the research scale reactor and the single solution liquid coercive field of 9kV/cm and a remnant polarization of 2 ptC/cm 2

delivery technique was used to introduce the metalorganic were obtained for a film of 3300 A thickness. Capacitance-voltage
precursors: Ba(thd) 2 -tetraglyme, Sr(thd)2-tetraglyme and (Figure 4) similarly shows slight hysteresis and decrease in the
Ti(OPr)2(thd)2. Reactor geometry was the inverted-vertical type dielectric constant as polarization becomes partially saturated. The
with a 2" wafer- capability described in earlier publications. 2 1 ,2 2  macroscopically observed dielectric constant was found to depend on
The Ba/Sr ratio was 75:25. Growth temperature was 60'C and total film thickness (Figure 5); this could be caused by a low dielectric
pressure was 525 mTorr. A mixture of nitrous oxide (N20) and constant interface layer at the BST-Pt interface, compositional or
oxygen were used as the oxidizer gas; flow rates were 100 sccm for microstructural inhomogeneities (with depth), or intrinsic grain
each component. Ar was used as a carrier gas at 100 scem and the size effects which are poorly understood at present. The dielectric
BST films were grown on a Ptira metallized Si wafer; typical film constant showed almost no dependence on temperature (Figure 6)
thickness was in the 1400-3300A range. which, along with the suppressed dielectric constant (relative to

ceramics) is consistent with the published data on the dielectric
properties in fine-grained BaTiO 3 and SrTiO3 ceramics. 2 7
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Leakage current at 3V was 7 x 10-6 A/cm
2 

and resistivity was as high WJ Select 7000 modifications
as 1010 il-cm, although there was significant variability in the
conduction characteristics which suggests that extrinsic defects The Watkins Johnson

2 8 
Select 7000 is a low-pressure CVD

(pinholes, particulates, bottom electrode discontinuities) may be module designed for use in a cluster tool configuration (Figure 3).
responsible. This tool conforms to Modular Equipment Standards Committee

While these leakage properties are not yet suitable for (MESC) speci.fications for semiconductor equipment. The reactor

DRAMs, the achievement of high dielectric constant fi uses a 'shower head" inlet to the reactor chamber; both the shower

thermal N 2 0/0 2 CVD process is significant and demonstrates the head and the wafer are nearly vertical during film deposition. As

vherabilty NOf the Dproach. Atthis stageefi ots td d nscrales the T mentioned above the inlet sub-system needs to be heated to prevent
viability of the approach. At this stages efforts to scale the BST condensation or decomposition of the metalorganics downstream of
MOCVD process to the Select 7000 CVD system were initiated; the vaporization zone and modifications to the standard Select 7000
preliminary results are describe in the next sections. inlet were made in two phases to achieve uniform heating, The

2500 liquid delivery technology developed in smaller reactors was also

adapted to the Select 7000 hardware. Vaporizer design and operation

M1 were essentially unchanged from the initial work demonstrating the
versatility ofthe liquid delivery approach.

42000
0 I

5 ;'/' C\OL NG STATION S[EiCT 7000

-15 - 10 -5 C 5 "0 15

Figure . C-V for thermally grown BST (2" reactor)

$----r-- 0.12

500 (So,Sr)T,O3O
S450 01

&O} \ •CASSIETTE #I CASSET•t 02S"• .,-..0.08 U
, 0.07 Ep 7. Schematic (top-view) of Watkins Johnson Select 7000 CVD

0.06 tool in a cluster tool configuration. 'Footprinto
005". omodule is approximately 3' x 3'.

, 0 .3

' 0.02 BaTiO•3 film results on 150 mm wafers

1L-'0 01 BaTiO3 films were deposited on Pt metallized Si wafers.50 under conditions similar to those used f'or BST films in the 2"

,-iameter research reactor described above. Relatively simple

adjustments in pressure, flow and precursor concentrations gave

single phase BaTiO 3 films in the perovskite structure, with strong

Ei Thickness dependence of dielectric constant texture in the 1100) orientation. (Figure 8.) Films deposited thus far
47- - -were 500-1500A thick with a typical thickness non-uniformity of less

: I ,O"than ±10%. Buoyancy effects (convection) caused by the vertical
substrate orientation is the most probable cause of the non-
uniformity, and future experiments will investigate the use of lower

450 ; L pressures to suppress this influence.

-• The dielectric constants for films 1200A thickness were

*a o0 - - • greater than 450, which corresponds to capacitancelarea greater thanS 425 •- 35 fF/llm
2

. Films at present have relatively low resistivity (< 106 0-

cm) which may be a consequence of microstructure resulting from a
reduction in the deposition temperature to 600TC. The susceptor

temperature is presently limited to this temperature because of
0 ,thermal non-uniformities in the injector region. The next iterations

in the reactor design will address the issue of active temperature
control of all regions in the injector assembly, and will be

.% ... ..-... ..-.-........ accompanied by numerical Trodelling of the fluid flow through the
r " "'- ".. 250 shower head and in the proximity of the heated substrate.

Figr Temperature dependence of dielectric constant.
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K-- 1200A 8AT103 ON PT W REACTOR 11 Equivalent SiO2 thickness characterizes the capacitance/area of a

film of thickness t and dielectric constant E in terms of the

Pt 11111 capacitance of an SiO2 film. It is defined teq = t E(Si0 2 )iE

12 Communication with Pierre Fazan, Micron Technology, Boise

Idaho.
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IEMI(CALLY PREPARED Pb(Zr,'ri)0 3 -1 tlN FILMS:
THE EFFECTS OF ORIENTATION AND STRESS

Bruce A. Iuttle, James A Voigt, lerr, J Garino, David C
(joodnow, Robert W. Schwartz. Diana 1.. Lamppa, Thomas J.
Hleadley, and Michael 0. Eatough,
Sandia National Laboratories, Albuquerque. NM 87185

the desired pixel and monitoring the change in optical retardation
Abstract via a photodetector. Highly oriented films *itI- large polarizations

will possess large electrooptic coefficients and thus enhance the
We have determined the effects that orientation and stress signal to noise ratio of these devices. For the multiple pass

have on chemically prepared Pb(ZrTi)O3 (PZT) film properties. technique of measurement, the high degree of orientation may
Systematic modification of the underlying substrate technology has lessen optical loss; and thus, further enhance device performance.
permitted us to fabricate suites of films that have various degrees
of orientation at a constant stress level, and to also fabricate films Several workers3-5 have reported on fabrication of oriented
that are in different states of stress, but have similar orientation. PZT and PLZT films by vapor deposition techniques. Kingon and
We have fabricated highly oriented films of the following coworkerss deposited (100) oriented PZT 40/60 films by ion beam
compositions: PZT 60,/40, PZT 40.60 and PZT 20/80. Remanent deposition on platinized MgO. Ogawa and coworkers4 deposited
polarizations (-60 pC/cm 2) greater than the best bulk c-axis oriented (PbLa)TiO'3 thin films on MgO substrates using
polycrystalline ferroelectrics were obtained for PZT 40,60 films RF magnetron sputter deposition. We have used the work of
that were under compression and highly (001) oriented. While we lijima and coworkers5 as a model for our studies. lijima and
show that systematically varying orientation influences coworkers deposited oriented (100) PLT films by RF magnetron
ferroelectric properties, film stress also has a considerable effect, sputter deposition on (100) Pt film // (100) MgO substrates.
Perhaps the most important concept presented in this paper is that Highly oriented (100) Pt films on (100) MgO single crystal
the sign of the film stress at the Curie point controls the type of substrates were deposited at a deposition temperature 'o 600°C
ferroelectric behavior exhibited by PZT thin films. Further, our and a sputtering gas mixture of 50:50 Ar:O. Although our spc'ter
stress measurements as a function of thermal history indicate that gas composition and deposition temperature were slightl% different
the coefficient of thermal expansion of the paraelectric state is than lijima's, we have followed a similar procedure for the
critical in determining the type of film ferroelectric behavior, fabrication of (100) oriented Pt films on (100) MgO. lijima and

coworkers were able to RF sputter deposit highly oriented PLT
films with good ferroelectric properties using the following

Introduction process parameters: a PLT target with excess Pb, a deposition

Our work is one of the first attempts to isolate the effects temperature of 600'C, and a 50/50 OAr gas mixture.

*hat orientation and stress have on ferroelectric thin film Deposition on insulating substrates of oriented ferroelectric
properties. We have fabricated highly oriented pseudocubic (100) thin films, fabricated by solution chemistry techniques, have been
PZT films by meshing two diverse technologies: I) RF magnetron reported by several workers. 6 -8 For example, Hirano 6 and Payne 7

sputtering of (100) oriented, topotactical, Pt electrodes, and 2) have deposited highly oriented LiNbO3 films on sapphire
rapid thermal processing of solution derived PZT thin films using substrates. Swartz and coworkers8 have deposited highly oriented
a temperature gradient. The degree of orientation, in otherwise Pb(Mg 033Nb 0 6 7)O3 films on SrTiO3 substrates. Transmission
identical PZT films, has been controlled by manipulating the electron micrograph lattice images indicate epitaxial relationships
sputter deposition parameters of the bottom Pt electrode. Thus, between film and substrate exist. However, reports of deposition
we have an excellent property comparison of oriented and of highly oriented ferroelectric films fabricated by solution
randomly oriented PZT films that have the following similarities: chemistry on conducting substrates and associated electrical
I) the same thickness (340 nm), 2) both films were deposited from measurements have been limited to date.
the same solution at the same time, 3) both films were thermally
processed under identical conditions at the same time, and 4)
identical substrate materials were used, 100 nm thick Pt films Experimental Procedure
deposited on (100) MgO single crystals. A range of stress levels
were obtained in PZT films by appropriate control of thermal We fabricated PZT thin films using a modification of the
processing parameters and the use of either silicon, sapphire or hybrid solution deposition procedure 9 developed by Sayer and
MgO substrates, coworkers. Our 0.4 M solutions were synthesized using an

inverted mixing order (IMO) process' 0 for which the Zr and Ti
Oriented lerroelectric thin films of Pb(Zr,Ti)0 3 with large alkoxides are blended first before the addition of the lead

polarizations offer technological advantages for a range of optical precursor. Excess Pb (5 mol%) was added to enhance formation
and electronic applications. Previous work' has indicated that as of the perovskite phase; and thus, improve electrical properties.
material structure evolves from randomly oriented, complex, First, titanium isopropoxide' was added to zirconium butoxide-
polycrystalline ensembles to single crystals in tetragonally distorted butanol& and stirred for 5 min. Methanol and acetic acid were
simple perovskite ferroelectrics, such as PZT 40/60, distinct trends then added to the solution, followed by addition of lead (IV)
in electrical properties occur. BaTiO 3 and KNbO3 are examples of acetate.& The solution was then heated to 85°C to dissolve the
simple perovskite ferroelectric materials that have the same lead precursor. Additional acetic acid, methanol and distilled
nonpolar, cubic, prototypic symmetry (m3m) and the same polar, water were added to control solution viscosity and to improve
tetragonal symmetry (4mm) as PZT 40/60. If the same property - solution stability. Our thin films were deposited by spin-coating
structure relationships hold for PZT 40/60, as for BaTiO 3 and at 3000 rpm for 30 seconds. Following deposition, we heat treated
KNb0 3 , then (001) oriented PZT 40/60 films should have higher the thin film layer at 300"C for 5 min on a hot plate Three film
polarizations, lower coercive fields, lower dielectric constants, layers were deposited to attain the final film thickness of 3400A.
higher electrooptic coefficients, and potentially lower optical loss
than similar PZT 40/60 films that are not preferentially oriented. We dc .-.cped a novel rapid thermal processinp (RTP)
Among the applications for which oriented PZT films will be of procedure using a temperature gradient to crystallize our films
interest are pyroelectric detectors, optical disk storage systems, into the perovskite phase. First, the films were loaded onto a Si
optical waveguide devices, and spatial light modulators. A further wafer susceptor and the RTP system# was evacuated and
benefit of orientation may be to enhance process integration of backfilled with oxygen twice. A heating rate of 125'C/amin and a
ferroelectric thin film and semiconductor technologies, soak temperature and time of 650"C for 10 min were typical RTP

parameters used to crystallize the films. Further, for the mos!
A specific application for which highly oriented ferroelectric highly oriented films, only the quartz lamps below the samples

thin films with high polarizations enhance device performance is were used, such that, a significant tempeiature gradient existed
eraseable nonvolatile optical disk storage. Dimos2 has between the top and bottom of the PZT film. Our goal was to
demonstrated that thin (<I pm) films can be utilized in such a have the perovskite PZT nucleate at the electrode interface: and
device. This device consists of a PZT thin film sandwiched thus, enhance the epitaxial / topotactical relationships between
between two transparent conducting electrodes. The device write film and substrate that are necessary for the formation of highly
operation consists of focussing a laser b~am to the PZT element oriented PZT thin films.
which changes the polarization state and thus the birefringence of * Aldrich Chemical Company, Inc.; Milwaukee, W1
the pixel. The disk read is obtained by focussing a laser beam to & Alfa Products; Ward Hill, MA

# Addax Model RMV4; Zurich, Switzerland
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We have used RF magnetron sputter deposition to fabricate ........ = :I...
(100) oriented Pt thin films on (100) single crystal MgO substrates
and to fabricate ( I ) oriented Pt thin films on sapphire substrates. i 1250C / M
For highly oriented Pt film growth, MgO substrates" with an /epitaxial surface finish were used. These substrates were thermally C / a = 1.042
annealed at 400"C in air for 10 min and then placed in vacuum MgO
(10-6 Torr) at 500"C for 5 min to remove any surface (200)
contamination. We used the following sputter deposition
parameters: 4" diameter targets, a target - substrate separation a PZT
distance of 10 cm, a pressure of 6 mTorr during sputter deposition, o (001)
and an RF power of 13 watts. Deposition rates were on the order ,l
of 20A/min. Deposition temperatures ranging from 450'C to PZr
625"C and O/Ar sputter gas ratios ranging from 0/100 to 50/50 (
were investigated in this study. Our best conditions for fabricating eI 002)
highly oriented (100) Pt films were a oeposition temperature of '1 pzT I

625°C and 100% Ar sputtering gas. Amorphous Pt films, which
were used for fabricating randomly oriented PZT films, were (100)
deposited under conditions of 600C and a 50/50 Ar/O sputter gas T(200)
mixture. I 4

Electrical characterization of PZT 40/60 films consisted of (110)
low field (- 3 kV/cm) dielectric measurements and ferroelectric
hysteresis loop measurements using an applied field of 300 kV/cm. M. 4.
While a Hewlett-Packard model HP1492A network analyzer was TWo - TWTA DaOESI
used for the low field dielectric constant measurements, most of the
ferroelectric measurements were made with a Radiant Technologies Fig. 1. X-ray diffraction pattern of a 3400 A thick PZT 20/80
model RT66A ferroelectric tester. A virtual ground test film deposited air-ctly on a (100) MgO single crystal and rapidly
configuration was used, with a triangular wave period of thermal processed (125"C/sec) at 650"C for 10 min in flowing
approximately 20 ms. For consistency, and to obtain a truly oxygen.
representative comparison of ferroelectric films in the same poled The integrated intensity ratio of the oriented PZT film
state, we dc poled all capacitors with +5 volts (150 kV/cm) for 2 pseudocubic (100) to (I ll) diffraction peaks is approximately
seconds at ambient before dielectric measurement. Low field 500:1. Further, the lattice spacing associated with the pseudocubic
dielectric property measurements were then performed before the (100) peak is 4.098A which is closer to the c lattice constant
high field ferroelectric measurements. Further validation of the (4.157A) than the a lattice constant (3.96A) of the bulk
ferroelectric properties of these films was accomplished by polycrystalline material. Unlike the PZT 20/80 film deposited
measuring hysteresis loops over a relatively wide range of directly on MgO, no splitting of the pseudocubic (100) into its
frequencies (0.1 Hz to 20 kHz) using a modified Diamant-Pepinsky tetragonal (001) and (100) components is observed. Although peak
Bridge. Platinum electrode dots of 300 pm and 700 pm diameter broadening due to crystallite size can not entirely be ruled out, we
were sputter deposited at ambient on top of the PZT films. A attribute the lack of splitting to the suppression of 90" domain
blunt (-50 pm) Be-Cu probe tip was used for the electrical formation in this fine grain film.
measurements.

Results and Discussion OPT = 0.4157 rm 650°C/ 10 in
apT = 0.3901 nm *125C/ sec

Crystallization by our novel RTP technique of PZT 20/80
films deposited directly onto single crystal (100) MgO substrates . cfilm = 0.4098 nm
resulted in PZT films with a high degree of pseudocubic (100)
orientation. From the X-ray diffraction pattern of this PZT film, I
shown in Fig. I, there is no evidence of the pseudocubic (I1l) Z MgO Pt
diffraction peak. Further, the pseudocubic (110) peak is - PZT
substantially suppressed; the integrated intensity ratio of the - (001) (200) (200)
pseudocubic (100) to the (110) peak is 500:1. These results
indicate that our thermal processing procedure of a 125rC/second
heating rate, 650t C / 10 min soak, and implementation of a
temperature gradient is adequate to produce highly oriented PZT
20/80 films on an appropriate substrate. We have previously e
demonstrated ie that highly oriented PZT 40/60 films could be
deposited in a similar manner.

The tetragonal anisotropy of the PZT 20/80 film, deposited
directly on:o the MgO substrate, is clearly evidznt in Fig. 1. The
c/a ratio is 1.042, which is slightly less than the value of 1.048 -)
expected for bulk PZT 40/60 ceramics. Further, the (001) or c- . . ,. , .

axis diffraction peak has twice the magnitude of the (100) or a- TW - T-TA MEO.S)
axis peak. For a stress free, random, polycrystalline, tetragonal
PZT ceramic, the (100) diffraction peak should be approximately Fig. 2. X-ray diffraction pattern of 3400 A thick PZT 20/80 film
twice as large as the (001) diffraction peak. We speculate that deposited on a highly (100) oriented Pt film // (100) MgO single
compressive film stress, primarily due to the thermal expansion crystal substrate processed identically to the film in Figl.
mismatch between the PZT film and the MgO substiate, causes
preferential c-axis alignment upon cooling through the Curie
point. Formation of 90" domains occurs in response to
transformation induced strain so as to minimize the overall elastic PZT film microstructures were substantially influenced by the
energy of the film. Because of the origin of (100) domains in the underlying substrate. We previously reported"t that grain sizes of
film, it is not surprising that the relative intensity ratio of the PZT 40/60 films deposited directly on MgO were 20 times greater
PZT film (001) to (100) diffraction peaks should be different than than those of identically processed films deposited on (100)Pt //
that of randomly oriented material. MgO. Cross-sectional transmission electron micrographs indicated

fo;nmation of no 90" domains in the fine (0.1 pm) film; whereas,
An X-ray diffraction trace of an (001) oriented PZT 20/80 90" domains were detected in every grain investigated for the

film on a Pt film - MgO substrate is shown in Fig. 2. For the coarse grain film. Further, the rough calculations of the volume
oriented PZT film, the structure of the underlying Pt layer is percent (18%) of a domains detected by TEM diffraction contrast
topotactical (100) oriented, with an enhanced integrated intensity was in good agreement with the volume percent (23%) of c to a
ratio of 1Io to ltII of 200:1. The crystal structure of the PZT domains from the integrated intensity ratio of the corresponding c
film mimics the underlying Pt film crystal structure quite well. to a diffraction peaks. For the fine grain film, no evidence of
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porosity or the presence of surface layers were detected. The grain After having systematicall) investigated the effects of
size of the PZT 20/80 film deposited on (100) MgO was orientation for films that are under a constant stress, we now
approximately three times smaller than the grain size of the PZT investigate PZT films that have similar orientation, but
40/60 film deposited on the same substrate, substantially different stress levels. The substantial effect that

stress can have on ferroelectric properties is illustrated in Figure
Ferroelectric and low field dielectric properties are tabulated 3. Dielectric hysteresis loops are shown for two identically

as a function of film orientation for three different PZT 40/60 processed PZT 60/40 films with the exception that one film was
films in Table I. In addition to the properties of the previously deposited on a platinized (0001) sapphire substrate, while the other
discussed highly (001) oriented PZT film, we also fabricated a film was deposited on a platinized Si substrate. Both films are
randomly oriented PZT 40/60 film and a film that was not as highly oriented in the pseudocubic (I I 1) crystallographic direction.
highly (001) oriented by manipulating the underlying substrate We have fabricated these films of rhombohedral symmetry with
technology. The randomly oriented film was deposited on an essentially the same degree of ( Ill) orientation by controlling the
initially amorphous Pt film deposited at 500'C in 50:50 Ar:O deposition conditions of the underlying Pt film. The Pt film
sputtering gas. The PZT fiin of intermediate orientation was deposited on sapphire was deposited at 600°C at a slow rate (2
fabricated identically to the highly (001) oriented film, with the nm/min), whereas, the Pt film deposited on silicon was deposited
exception that the underlying MgO substrate surface was submicron at 600°C at a higher deposition rate of 30 nm/min. Grain growth
polished rather than epitaxial. All the electrical properties tabulated orientation is responsible for the high degree of ( I ) orientation
in Table I were the mean of measurements of 10 different electrode of the Pt film on Si.
dots on each of the films. Standard deviations for the
measurements are indicated by the values after the ± signs in Table 80 T--r r-- -

I. The tabulated dielectric constant was measured at a frequency of
10 kHz and a field of 3 kV/cm ac rms (0.1 volt). Dissipation ,0 o S'oph,,- %t•,o,

factors of 0.025 and 0.030 were measured at 10 kHz for the " ,.o
oriented and randomly oriented film, respectively. 44o r

Most of the relationships between dielectric properties and
orientation were as expected for the three films shown in Table I.
Remanent polarization increased and dielectric constant decreased
with increase in c-axis orientation, similar to that observed in r
tetragonally distorted simple perovskite ferroelectrics as structure
approaches that of a single crystal. Semiquantitative agreement
between the calculated and measured values of remanent 20

polarization aý "i function of orientation was obtained. While
orientation appears to be the dominant factor for the ferroelectric 4- i "009P,

property relationships, other factors, such as, microstructure also
influence ferroelectric properties. While the coercive fields of the
oriented and randomly oriented film were statistically
indistinguishable from one another, the coercive field of the film of
intermediate orientation was slightly (= 10%) less than that of the 4: "
other two films. A large number of factors can influence the
measured coercive field. Among these factors are stress, crystallite ,, i , HtJd (i' IL)

size and electrode-ceramic interface characteristics. Grain size may Fig. 3. Dielectric hysteresis loops of identically processed PZT
be the dominant effect for the coercive field relationship of our 60/40 thin films on the following platinum coated substrates: a)

(0001) Sapphire and b) (100) silicon.

Table 1. Electrical Property Vs. Orientation Behavior

n tCiAlthough the two PZT films have similar orientation, their
Enhanced Inteor. Remanent Coercive Dielectric dielectric hysteresis characteristics are substantially different.
Int. Ratio Polarization Field Constant While a large remanent polarization of 40 1jC/cm 2 is measured for'I.1/1111 (;C/cm (kV/cm) (10 kHz) the PZT 60/40 film deposited on sapphire, a remanent polarization

11__0_/____1 __of only 20 MC/cm 2 
is measured for the PZT 60/40 film deposited

on silicon. Further, the film deposited on sapphire has a very
300:1 60.9 t 1.4 75.7 ± 0.7 368 ± 11 sharp, square, well saturated dielectric hysteresis shape, while the
[7.0.11] film on sapphire has a slanted hysteresis characteristic. We have

20:1 57.8 ± 3.2 68.0 ± 1.1 378 ± 17 determined similar trends in stress-orientation property
[2.5:1] relationships for PZT 40/60 films of tetragonal symmetry

deposited on MgO and Si substrates, respectively. The PZT 40/60
4.6:1 41.0 t 3.4 77.8 ± 1.8 466 ± 18 film deposited on MgO exhibited dielectric hysteretic behavior

[ similar to the PZT 60/40 film deposited on sapphire, while the
PZT 40/60 film and PZT 60/40 film deposited on Si had relatively

films, as the mean value of the coercive field montonically low (=20 tC/cm
2 ) remanent polarizations and a similar type of

decreased with increasing average grain size. hysteresis characteristic.

An increase in polarization is expected with increase in (001) For the rest of this paper, we shall term the two different
film orientation as the c-axis is the polar axis for PZT ceramics hysteresis characteristics, described above, as type c and type a.
with 4mm symmetry. Due to compressive stress, primarily caused Type c behavior is typified by a dielectric hysteresis characteristic
by the film - substrate thermal expansion mismatch, c-axis rather with high remanent polarization (in this case,40 ,C/cm2 ) and very
than a-axis orientation is preferred in the PZT film. Tominaga square, sharp, well saturated hysteresis loop shape. Conversely,
and coworkers12 have verified that PbTiO3 thin films deposited on type a behavior is typified by a lower remanent polarization and a

MgO substrates have a c+ orientation. The decrease in dielectric slanted hysteresis loop shape. We attribute the difference in
constant with c-axis orientation is expected, based on the behavior to crystallite orientation. Films with a majority of
property-orientation behavior of 4mm perovskite single crystals. crystallites preferentially oriented such that their polar directions
Typically, K3a is significantly less than KH for simple perovskite are perpendicular to the film plane are type c; whereas, films with

ferroelectrics of 4mm crystal symmetry. For example, BaTiOs a majority of crystallites oriented such that the polarization vector
single crystals have the following dielectric constants: K33 = 200 is parallel to the film surface are type a. We postulate that the sign
and 't = 4000. The reason t for the substantial anisotropy in of the film stress as the film is cooled through the Curie point
dielectric constant is because the displaced atoms are tightly bound determines whether the film exhibits type a or type c behavior.
by the ferroelectric polarization in the polarization direction, but Specifically, if the film is under compression at the Curie point
relatively free to move in the direction perpendicular to the type c behavior is observed, whereas, if the film is under tension,
polarization direction, type a behavior is obtained.
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Because film stress has been shown to have such a substantial Si is in 150 iPa of tension. PZT 53,47 has a thermal expansion
effect on ferroelectric behavior, it is important to quantify the coefficient of approximately 2.0 X 106 in the ferroelectric state.
stress in PZT thin films. We have measured stress in PZT thin The stress of the two films at 25'C are 120 MPa tensile and 210
films by two different techniques: 1) wafer curvature measurements MPa compressive for the Si and MgO substrates, respectively.
and 2) X-ray diffraction. Wafer curvature has been measured by While these stress values measured by laser reflectance and surface
laser reflectance techniques and surface profilometry. Our laser profilometry agree weil with calculations of stress from
reflectance technique has been previously described,1 and allows macrostrain measurements from X-ray diffraction for the PZT
PZT film stress to be measured through out the entire thermal film deposited on the Si substrate, there is some discrepancy
processing history. The residual stress at ambient is confirmed by between the film stress measurements for the PZT film deposited
surface profilometer measurements of the substrate curvature. For on MgO. However, both measurement techniques indicate that the
our X-ray diffraction measurements of the macrostrain of PZT thin film is in high compression From X-ray diffraction
films, a sin 2* technique9 is used. Thin film glancing angle X-ray measurements, a residual tensile ,tress of 100 NIPa ,as calculated
diffraction coupled with parallel beam optics allow accurate for the PZT film on silicon, while a residual compressive stress of
measurements of strain as a function of film depth. 470 MPa was calculated for the PZT film on MgO.

Figure 4 depicts the change in thermal stress with processing It is quite surprising that the P/I film deposited on MgO is
for tvwo essentially identical PZT 53,47 thin films deposited on two not under considerablk more compressi\e stress at ambient given
different platinum coated substrates: 1) silicon and 2) (100) MgO. that the CTE for the ferroelectric state (2,0 X 10 6) is
From these characteristics, it is obvious that the coefficient of considerably less than that of the high temperature paraeletri,:
thermal expansion (CTE) of the substrate is one of the major phase. We propose that as the film cools through the
factors that controls PZT fi!n. stress. Further, we propose that the transformation temperature that the sign of the stress vw ill
type of film stress, either tensile or compressive, which is present preferentially orient film crystallites in the a or c cirstallogiaphic
upon cooling the film through the Curie point controls the PZT direction. For simplicity, we w ill assume that the PZT 53 47 film
crystallite orientation. Crystallite orientation, in turn, strongly i- of tetragonal symmetry. For the film on the MgO substiate. the
influences the stress vs. temperature characteristics in the low filts, is under compression at the Curie point, and thus, cr. stallites
temperature ferroelectric state. Both of the films in Figure 4 were are preferentially oriented with the c direction normal to film
heated at 5"C, min and held at 650"C for 30 min as stress was plane. Thus, crystallites have their a direction in the film plane
monitored by our laser reflectance technique. If one considers the change in crystal parameters' with

temperature of PbTiO3 and the superimposed linear expansion of
Si and MgO, shown in Fig. 5, it is 2bvious that the change in the
a lattice constant is close to that of the MgO substrate. Thus, the

-. . change in film stress below the Curie point is very slight, as
- . _ shown in Fig. 4. The relative change in lattice parameter, not the

4 .P.absolute magnitudes, for Si and MgO are shown in Fig.5.

:'"• tr. • • 5.__•o . ,l, •+°•4 05ý
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'• •P• " :' • • • Silicon

Fig. 4. .ZT thin film stress as a function of temperature "or films 5
deposited on two platinum coated substrates: a) (100) Mgj and b) MgO
(100) silicon.

390 --z-..."

The initial stress levels of the two PZT films, after a 300"C 5
min drying treatment, are as expected. The PZT film deposited
on MgO has less tensile stress than the film deposited on the lower
CTE silicon substrate. We consider the as-deposited film to have 3 85 -
a higher thermal expansion coefficient than either the MgO or Si 0 , 20, ,.,
substrate; and thus, both films should be in tension after the r'e',sc,,.'e
drying treatment. Since the CTE for MgO is greater than that of
Si, the film on the MgO substrate has less tensile stress than the Fig. 5. Thermal expansion beha. ior of platinum. MgO, and a and
film on Si. For the Si substrate, an initial decrease in tension c axes of PbTiOs.
occurs as the film is heated, since the high thermal expansion film
expands more than the Si substrate. PZT film stress continues to
decrease even as the film crystallizes into the pyrochlore phase at While we have ohown that stress vs. temperature
approximately 450°C. During transformation of the pyrochlore characteristics are substantially influenced by the type of stress at
phase to the perovskite phase considerable film volume shrinkage the Curie point, our premise is that the sign of film stress at the
occurs as evidenced by the increase in tensile stress. Because the Curie point controls type a and c ferroelectric behavior. From
pyrochlore phase consists14 of two interpenetrating nanophases: I) this postulation one can make both obvious and not so obvious
crystalline pvrochlore and 2) an amorphous phase containing Pb. predictions. Among the obvious predictions are that films
Zr and Ti, the volume contraction is substantial, fabricated using our solution chemistry technique and fired at

650'C would exhibit type a behavior when deposited on Si
The tensile stress increases for the PZT 53/47 film deposited substrates, and type c behavior when deposited on MgO substrates.

on Si upon cooling from the soak temperature. A relatively high A less obvious prediction is that it is possible for a PZT 52/48
CTE of 6.7 X 10-6 for the high temperature paraelectric phase is film to have type a behavior while an identically processed PZT
the cause of this increased tensile stress. Conversely, the PZT 40/60 film would exhibit type c behavior. These films would
film deposited on the MgO substrate is put into compression upon have to be deposited on a substrate with appropriate intermediate
cooling from the soak temperature. This behavior is also CTE to Si and MgO, such that, the PZT 52/48 film is in tension
attributed to the CTE mismatch between film and substrate. At and the PZT 40/'60 film is in compression at the Curie point. What
the Curie point, of approximately 375°C, the PZT film on MgO is permits this behavior is that the CTE for the PZT 53/47
in 150 MPa of compre~sion; whereas, the PZT film deposited on paraelectric state is 6.7 X 10-6 while the CTE for the PZT 40.60
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paraelectric phase is significantly higher (9.4 X 10 6) 1 his
example illustrates the important contribution that the C I E of the Summars
high temperature paraelectric state has on determining the tIpe of
ferroelectric behavior in PZ7 thin films. We have investigated the effects that orientation and stress

have on PZT thin film properties. Our approach was to fablicale
Another prediction, which one would not make from and characterize a suite of films that haxe similar stress level'

consideration of ambient CI Es alone, is that despite the high CIE with systematically varying orientation, and another suite o' films
of MgO, it is possible to fabricate PZ I 20,80 films deposited on that have similar orientation, but that ha.e different levels of
MgO substrates that exhibit type a behavior. Specifically, we stress. PZT 40,60 films that had a high degree of c-axis
demonstrate in Fig, 6 that a PI 1 20.80 film fired at 500°C orientation had higher polarization and lower dielectric con,tant,
exhibits type a behavior; whereas, an otherwise identically than films oriented with their a crsstallite axes perpendicular to
processed PZ1 20!80 film fired at 650°C exhibits type c behavior the top film surface. This property behavior was expected as
X-ray diffraction traces of three PZT 20 80 films deposited on tetragonall) distorted, simple pero-,skite ferroelectric films
MgO substrates and rapidly thernial processed at 500'C, 550'C, structurally evolve from random pol)crystallne ensembles to
and 650'C,respectively, are shown in Fig. 6. The film fired at single crystals. We postulated that the Curie point stress controls
500'C has only a diffraction peak corresponding to the a lattice crystallite orientation and the tspe of ferroelectric behavior
parameter and there is no evidence of a diffraction peak Electrical, structural and stress versus temperature data were
corresponding to the c lattice parameter. The film fired at 550'C presented that supported this hypothesis.
shows X-ray diffraction peaks of approximate equal magnitude
corresponding to both the a and c lattice parameters. The film
fired at 650'C has type c behavior as the integrated intensity ratio Acknowledgements
of the diffraction peak for the c lattice parameter is more than
twice the value of the integrated intensity ratio of the peak that The authors would like to acknowledge the support of
corresponds lu the a parameter. DARPA and DOE for this work. Further, the authors would like

. . ........................ to thank Ray Goehner, Angus Kingon, (;ary Zender, and Duane
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SIn this pape., the cr)stallinitY,)rentation and electrical

propertie./latligue characteristics of P/T thin films on
Pt<1I 1>/Ti/SiO2/Si< IO00> substrates ate described. Two ways of

The Deposition by Aqueous Acetate Solution (DAAS) preparing doped i'ZT and li zT thin films are adopled: in one. 514 ol

technique has heen developed • or the preparation of ST Fe-doped the of /, nium and titanium in the Precursor solution %%as replaced by

Pb(hro hsTi0b47)Oe (Pde e) and (hbO h3peatio07)(aro 6 5Ti d35)0d98303 iron, an., ;n the other, 5% excess iron was added to the stoichiometnc

P r /T) thin 4iltns on (Pt< lln i/|Sit2/3Si< I)> substrates. P6ZT3 9ilns. precursor solution. The effects of iron on the crystallinity and orienta-

crystallized at 6N)°C for tIo nin, display good electrical properties and Lion of both films were determined by X-ray diffraction and FrlR spec-

fatigue characteristics. Iron doping suppressed the crystallization of the troscopy, The detect states and active-ion sites responsible for photo-

filns as measured by XRD and F-TIR spectroscopy. When 5%1 of the conductivity of doped films were investiated by enussior/excitation

zirconium and titanium were replaced by iron in the stoichiometric pre- and photocurret action spectroscopy The results were compared to

cursor solution. the filin c•rystallized predominantly in the (Ill)) orien- those of thermally iron-doped bulk ceramdi

tation. When 5% excess iron was added to the precursor solution, the
film crystallized in the (1(00) orientation. The electronic states and
charge species responsible for photoconductivity were investigated by
emission/excitation and photocurrent action spectroscopy. The low The DAAS technique and its formulation and synthesis
photoemission at 77K and high photoconductivity at 298K in the doped of FPIT (7/65/35) bulk poders 191 and PZT (53.47) perovskite films
thin lihns, as compared with thermally iron-doped ceramics, are f81 on Pt< I I >/Ti/SiO 2/Si<(X)> substrates have been described else-
attributed to the surface energy quenching and low trapping state where. The same precursors and procedure were used to prepare the
density. iron-doped PZT and PUiT PN/1r0 .53Ti. 47 )03+5% Fe and (o).93

LaO007) (Zrb.6 5Ti 0 .35)0 9 8 30 3 +5% Fe are referred to as 5% excess iron
formulations, and Pb{(Zr0.53Ti0. 4 7 )09 5FeC005 )03 and

Introduction (Pb0.93La0.07){Zro.65Tio.35)Ows33 Fe 005103 are referred to as the 5%
Fe stoichiometric formulations. Iron (I11) acetylacetonate was sdL i

Extrinsic metal ions can increase photoconductivity in into the coating solution to supply the iron dopant for the l)AAS-
wide-bandgap ceramics of lead zirconate tilanate ',T) and lead lan- deposited films. The films were dried av l(100C for 10 min and consoli-
thanum zirconate titanate (PUIT). However, weak photoconductivity dated at 4(0)0 C for 10 min before subsequent layers were added. After
measured at visible wavelengths in ceramic PLUT was attributed to the the desired thickness was attained, the films were annealed at 650'C for
presence of trapping states and the lack of optically absorbing states in 10 min.
the band gap. [I I Extension of the photoresponse into the visible
region would make these materials ideal for photonic applications using Fourier transforrm infrared (ETIR) spectroscopy [81. X-
commonly available laser sources. The visible light photoresponse in ray diffraction (XRD) 18]. and emission/excitation spectroscopy [51
P`ZT/PLZT has been increased by ion implantation of inert gases and used in this work have been reported previously. In photocurrent action

metals J2.31 by thermal diffusion of metal with 141 and without 15.61 spectroscopy. the photocurrent was measured as a function of the irra-
subsequent ion implantation, and by sintering a mixture of metal oxide diated light wavelength and intensity, and the applied voltage and polar-
and presynthesized perovskite powder. I ll Lead perovskite thin films ity. Two small platinum or copper electrodes (about 2 mm x 2 mm with
made by a sol-gel technique were shown 171 to have a higher photocon- a 0.25-mm gap) were deposited on the sample surface (film or plate)
ductivity than the bulk ceramic. which was attributed to the films having for photoconductivity measurements. A 1/4-meter monohromator was
fewer trapping states. 171 placed in front of a 450-W enhanced UV xenon lamp source (Oriel.

66203) and was used to scan the excitation wavelengths via a stepper

Recently, we have developed an aqueous, low- motor controller (Oriel, 2(0025). light of selected wavelengths was
temperature process termed Deposition by Aqueous Acetate Solution focussed onto the gap between the electrodes. Current was measured
(DAAS) [81 for synthesizing Pb(Zr0.53Ti0.47)03 Vi/T (53,47)1 thin using a Keithley model 617 electrometer, which also supplied the
films on Pt<l I I>/Ti/SiO2 /Si<l()> substrates. The process offers a applied voltage. The data were acquired and stored on an HI' 7090A
number of advantages that include: (1) the formulated precursor solu- plotter with the aid of an NEC PowerMate 286 Plus computer.
tions are stable with no discernible gelation or precipitation over several
months; (2) the precursor solutions can be formulated to within better
than 1% of the desired stoichiometry; (3) because this is an aqueous Results and l)iscussion
process, it is a non-moisture-sensitive alternative to the sol-gel tech-
nique; (4) water soluble acetate, acetylacetonate, or carbonate salts of Crystallinity and Fatigue of PZT (53.47) Films
various metal ions can be easily added to the solution to prepare extrin-
sically doped perovskites; and (5) the process uses water as the solvent. The top panel of Fig. I shows the XRD spectrum of a
which is considered "environmentally friendly." The low processing PZT(53.47) film prepared by the DAAS technique on a
temperature together with the ability to control the stoichiometry and Pt< 11 1>/TiISi0 2 /Si<lIX)> substrate and annealed at 65(10 C for 10 min.
dopant level accurately makes the l)AAS process ideally suited for Spectral peaks at 20 = 22.110 { 1(0I}. 31.280 ( 11 1}. 38.62' ( I I I ,
synthesizing doped Pi`T and PIU/T thin films for a wide range of 44.920 {2001. and 50.51' {210) are perovskites, whereas the peak at
applications. 20 = 33.16* is a broad band and is assigned to a pyrochlore phase
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Probably related to Pb2TIJ2O6. (91 The filmn is hightly crystalline as rep- The intenlsity ratntolo XRD pe~los Ion tOw sanme ullaensaty
resented by a small FWHM (full width at half maximum) The prefer- nsatet are I (I(t))iI j IlOI 114 14b. 151 '1;l 272 t,. &WS >6 18 for

endal film orientations are VlT(l I lttj and V/ZTf I Ij I fnl I, film 2. fI~nt 3. arid film 4. iespeettivel) The pyroddlorr broad

handIs at 26 2 99. 99- and 1; 73- Appear in all louw films. with

For measuring the electrical properties, gold electrodes the Intensity in descending itirdr oII film 4 > ilm~n 2 >t filmn 3 > film 1,

(0.63 mm in diameter) were deposited on a 1PIT (53.47) film (about The pyrtichlote phase is al,- etidILCedC as d tead-base (5,ý 1TIR Spec,

0.4 l4m tdick) by evapotration through a shadow mask and were trill hand, at 07(a cut
1  

The adkhiitn it S14 ex..es ttoi toi the sntboih-

annealed at 550J5C for 15 min in air. Contact %as made to the lower titeteic PUiT ofiliti 
4

1 suppressedj the :r~sshzallten 4t the pertisskte

platinum electrode and to the deposited gold contacts using a gold tilmi 13l/T has beent dttowt in maits% tudies to have a higher crystal-

whisker mounted on mechanical probes. The P-IE hysteresis loops were Watimn temperature than PI/T, attd tie ditticulty ini crsWtatltatn

obtained using an RT06A (Radiant Technologies. Albuquerque. NM) Substitutional ittn-ditpitg )I VIl/ ili 1 o resulted in "-tmstallteamo

curve tracer The dc resistance and coercive held (ot the tiftth is about jilth both (1l0) and cultN mittm It. te . a rugher than itmintat litit

I x 108~ ihm-cm and 2 x 10)5 V/cat. respecttvely The relative dlietccttms oicmitiitn.

conlstant IS about I(XX) and the dissipation tactm,)r is 0m.014. based oin
neasurenments using an HP utlodel 42-76A IC!. mteter o~perated at I khiz

The bottomn trace Wi Fig. I shows the ft~tigue behavior of P'tT 153,4
7

1 teclct Chttm,ttmii tO2I, It,j iltti t

film cycled with a 12-V sine wave. At 106 cycles, no fatigue %as li'mi-died PIt/ It c'kte

observed, and only a slight amoiunt of fatigue. abo~ut 10t%, was notice-
able at 1011 cycles. These excellent fatigue results are due, in part. to Too study the LIctm ihi "I t4IiJIi~It>ai dmptellmt

the accurate control (it sttiichionitery and the high degree mtl crys- and the gecneratitit of pht~timmcindtucttitt it to n-dtipcd Pt /1dIi tho t ri

tallinity obtainable through the use of the I AAS process. loi the -niiparison loi lwsý in ii mti-d pet IH /T i 7av3. i5 cerititi [it,~

erntisiirveeciiatitin and ptiiticurtettt asiitii spectra tM ite~iitalt> irt-

fused ron-doped sattples isret ic. ided A hooi A thick, ((ih i -n ti

Cry~stalite Orientations of DoNed VIT andI P1IT Filmts in It 411 iitnt/ru 5 sýTiit ;sm itcrnttitmuc tei 01i 2 t, iu

mntt tluck. Uf-ltinewlti was prepared h1 sa'ruttt es.tpraif t inn an

The effect of non doping tin the ctýstallitattnm i~f l'LT irtn beatin oeaptrattit T1Ie tIMl ssJ diftused intl the cerailtflo III a tat

and t
1
ITT flttns shtiuld depend tin hot oity tro insto tythe lait nice unlet 0)2 atIttI sphere )"I 1t 1) 11 at itc'

tice. Iroin was tntrioduced frtni I'i. and N I T tilttts as a substitutional

duipant tilt trctmuittt and titanijunt. t e. Itbjt/rtt siTiO 47it sl0 ois~e0Il
t  

Figute 
t
I ai shows ile 1-K ciiit-wmi specitunit itmm

(ftilm I1) and (1110 1 ti Iia(tt)Ieto 11 (t 3( I- O i its m 2) Ittn . and d~oped cetaDI nit tilt rad band spectralt peaks it apptrm is tiail 4 ii.

as an additive ti the sltitchitiretric DAAS stillttttts t I hi Ib/tti s 1 S20. 54i. and 570 ni vi The f irst three baitits ate Its- 1i111n iiItitI Iti si-q)

T10 47)03 +5% IFe (filni 3) and (i Ph,9iy~Ia0 17)o/itt b Tit1 3s i)09t spechirnt iltthle untditpcot t'l /'I stiiple whireas itte mlittit haiti at S'

t01-.S% Fe (i ltt 4). F-igure 2 shoiws lbe XRDI spectra itt filnm I Itt p) and nut is ihe cbaioraitisttc ettssit sontaxittn tin it Ic e" -dipetlP /I'

film 'A (boittom)l in Pt<1 lI o(TiSiOi/St<ItX> substrates. Filmi I displass ceramtics. il ITie hitid gap cncete> it utid-ýpd It /T cctitinn I,

atimire conventional randomnly orientated penis skits PI/T simnilar III that (5eV io it 1 11111 t tiit i

shotwn tn Fi-gure I havtng a domninant tI 110)peak, In the S(3 irnn

stoichitnittsrts tormiutatioin. the iron awas I ncorposrated Ironit the 'IIT The t nnitittc ettissitn tit tite undtipett peiissktie Ht / I

lattice and did neti affect the normnal nucleatittn and cry statli/atitti it the sanmples ontines ttatitts trniti the transitins between tie satenco: band

films, tOn the other band, fitli I shoiws that the 33'/ excess rili resutted and the ciinductiin band. The satecic atnd cinducltn bandis hate been
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illustrated in Fig. 3(b). The excitation spectrum consists of a strong ovskite lattice. The energy states of iron substitutionally doped in PZT
broad hand maximum at 341 rum (referred to as band system 1) and a lie outside the bandgap and will have insignificant effects on enhancing
relatively strong multiple structure extended from 400 to 500 nm the extrinsic photoconductivity of the doped materials. In the thermally
(referred to as band system 11) with a peak maximum at 465 rim. The doped ceramic PLZT samples, diffusion occurs mainly at the grain
band edge of the low-energy side of band system I corresponds well boundary. The dopant tends to modify the surface of the grain and
with the band gap energy of 370 nm. Band system i1 originates from create new energy states near the band edge that are responsible for the
optically absorbing states at visible light wavelengths generated by the enhanced photoconductivity. Fe-doped films are currently being pre-
thermally diffused Fe3 + in PLUT ceramics. pared for the measurement of photocurient actio~n ýpectra and electrical

properties to examine this hypothesis.
Figure 3(c) shows the photocurrent action spectrum of

iron-doped PIUT ceramic. The photocurrent was measured as a func- Conclusion
lion of the irradiated light wavelength (2(X) to 6(X) nnm). intensity.
applied voltage (102 V/t0.25 mm). and polarity (+). Four photocurrent The DAAS technique has been shown to produce highly
action peaks are observed: 1.0 nA at 3(X) nm, 1.7 nA at 370 rim. 1.2 nA crystalline and preferentially oriented thin films of undoped and iron-
at 420 nim. and 1.0 nA at 465 nm. These peaks are correlated well with doped PZT and PUZT perovskites on iPtz I t l>/Ti/SiO2/Si< 1(X)> sub-
those of the excitation spectrum in Fig. 3(b). indicating that the photon strates at relatively low temperatures of 55() to 650'C. The 51A iron
absorbing states that lead to the photoemission spectrum shown in Fig. stoichiometric formulation produces films that crystallized with a (1I0)
3(a) are also responsible for the production of photoconductivity dis- orientation whereas those made of 51 iron excess formulation display a
played in Fig. 3(c). As expected, the creation of chemically active iron (I(X)) orientation. A precise stoichiotnetric PZT precursor solution
ions upon doping can generate photocarriers and enhance photocon- formulated by the DAAS technique has produced a perovskile film of
ductivity. It was shown 161 that the photoexcited electrons in iron- excellent fatigue behavior. The emission/excitation and photocurrent
doped PLZT ceramic have a good mobility with relatively few deep action studies ilhustraled that the photon absorbing states in the iron-
traps. The studies of tow-temperature photocurrent action spectrum and doped ceramics are responsible for the production of photoconductiv-
its rise/decay characteristics have confirmed the trapping dynamics. ity. The iron-doped perovskite films show weak photoeimission, consis-

tent with energy quenching by the substrate surface, and exhibit high
Figure 3(d) shows the 77K emission spectrum of intrinsic photocurrent indicative of fewer trapping states in the films.

(Pbo.931,aO.07)(Zro.65Tio.35)0.98303 + 5% Fe thin film on a
Pt<l I l>/Ti/SiO2/Si< l(X)> substrate. The (FPbo.931-ao.07)
[(ZrO.65TiO.35)0.933Feo.05103 thin film gives a similar emission spec-
trum. Both iron-doped films made by the DAAS technique display very Acknowledgements
weak emission compared to the thermally doped PU.ZT ceramic in Fig.
3(a), suggesting that fewer trapping states have been created or the exci- Financial support from the Aerospace Sponsored
tation has been quenched non-radiatively by the substrate surface. The Research Program, and Northern Illinois University Graduate School
emission extends from 380 nm to 560 nm with a band maximum at 450 and College of Liberal Arts and Sciences is acknowledged.
nm. When this emission maximum at 450 nm is monitored, the excita-
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THE STUDY OF PZT FERROELECTRIC THIN FILM
AND COMPOSITE WITH AMORPHOUS SILICON

Wang Yong Ling Wu Dao Huai Chen Hui Ting Yu Da Wei
Shanghai Institute of Ceramics, Chinese Academy of Sciences

1295 Ding Xi Road
Shanghai 200050, China

This paper introduced some work done in our lab
recently. The first part we study the remanent polarization and
coercive field of PZT ceramics in variation with the thickness of
specimen. Second, study the properties of PZT thin film which
be prepared by RF sputtering. Last, we design a new optical
devices with composite amorphous silicon and PZT ceramics.

Introduction

There are a lot of papers have been published in study
of the ferroelectric thin film to be used for DRAM or FRAM
(Ferroclectric Random Access Memory) devices I-.ln this paper
our first aim is to study the remanent polarization and coercive
field of ceramics in variation with the thickness of specimen.
Because those properties are also seriously varied by the
different processing methods for bulk, thick film and thin film
materials in the thickness range from 1 mm down to 100 nm, so
only part of result has been obtained. Our second aims is to
deign a new optica! device wish cm,- am,•rphous silicon
and PZT thin films. The applied voltage drop is transferred
from amorphous silicon to ferroelectric ceramics by optical
exposure. This idea has been demonstrated by experiment in a
wide raige of thickness match. More data will be published in
the next paper.

Materials and Specimen Preparation

PZT bulk materials were prepared by commercial
processing method and fine milling. The limit thickness down to
0.04 mm can be obtained. PZT thin film in the thickness range
less than I urn were prepared by RF sputtering Method. The
substrate can be heated within the temperature 650'c during
deposition and most of the specimen were annealed after
deposition. The amorphous silicon thin film which was deposited
on the PZT ceramics was prepared by radio frequency glow
discharge method in the thickness range usually less than I urn.
The thickness of a-Si thin film are considered to be matched
with PZT both in resistance and electric strength. In order to
get the good ohm contact, the aluminum electrode were pre-
vaporized on the PZT ceramics. Fig. I shows the structure of
experimental specimen.

S -Si. Fig. 2: The IFerroclectric I Ivsteresis Loop of
V 7Ceramics with Different Thickness.

d: Thickness.
SPZ'T (a) d = 0.1 mm, Pr = 24.4uc/cm-2,

Ec = -37.5v/tnmn
(b) d = 0.08imm, Pr= 10.6uc/cm 2 ,

Pc =l)O(v/mn1
(c) d = 0.06ram, Pr =8.5uc/cm2,

Fig. 1: The Scheme of Composite PZT and ( 'c= 104 P.7v/mn i

a-Si Thin Film. (d) d = 0.04mm, Pr = ) 1 tlc/cln.

Ec= 1250v/rni1

Results
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Fig. 2 shows the 50 hz hysteresis loops of PZT specimen *
in the thickness range from 1 mm to 0.04 mm. It can be seen a P I
that the remnant polarization decrease and the coercive field
increase, Because the quality of specimen and electrode contact
is not very good, these data is not very exact.

Fig. 3 shows the differential interference optical -
microscopic photos (x400) in response of different annealing b
conditions. Fig.4 shows the x-ray diffraction spectra. It can be
seen that the perovskite phase increases with the increase of
temperature and time.

C

e

' l140 17 7.'• .' -. . . . . . . - - _ . . . . . . . .

1olim ... .[ .....f . ,_g

Fig. 3: The Differential interference Optical
Micrographs (x400) of PZT film.
Annealed at 700 c for (a) 2hr. (b) lhr. II

The resistivity of a-Si thin film are usually in the range • ... / '- ' .1
of 109.ncm in dark field and can be raised to 10".Acm by doping 20 30 40 50 60
B. After optical exposure, it will drop more than three orders. 29
The PZT ceramics can be modified by doping U 30, to obtain
the resistivity even down to 107ntcm . When a-Si thin film Fig. 4: XRD spectra of the PZT film annealed at
composite with thicker PZT ceramics which have been doped (a) 700c for 2hr., (b) 700 c for I hr.,
U301, the voltage drop can still be transferred from a-Si thin (c) 700"c for 30 mi., (d) 600 c for 2 hr.,
film to PZT ceramics by optical exposure. Table 1 shows the (e) 650'c for I hr., (f) 650°c for 20 mi.,
results and Fig. 5 shows the specimen structure. Fig. 6 is the (g) PZT ceramics as target.
SEM picture of the interface between PZT ceramics and a-Si
thin film. It can be seen that the interface is quite smooth, no
pin hole or obvious zig-zag.

?f ýc
I , T

Fig. 5: The Specimen Structure of the Optica!
Devices Which is Composite PZT and Fig. 6: Tne StM Picture of the Interface of PZT
a-Si Thin Film. ai.d a-Si.
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Table 1: The Variation of applied voltage drops with the light.

Dark Light

V(v) Vsi(v) Vp(v) Vsi(v) Vp(v)

2.0 1.3 0.7 0.03 1.97

4.0 2.6 1.4 0.06 3.94

6.0 4.0 2.0 0.10 5.90

In condition of the high quality PZT thin film instead of References
PZT ceramics, tnis kind of match will be very easy to obtain and
a lot of devices can be designed. This kind of devices show [1] J. F. Scott and C. A. Paz De Araujo, "Ferroelectric
following advantages: memories", Science, Vol. 246, pp. 1400-1405, Dec. 1989.

1) Fast response (switch time 10-9s). [2] L.H. Parker and A. F. Tarsch" Ferroelectric materials
2) High density. for 64 MB and 256 Mb DRAMs", IEEE on circuits and Devices,
3) Easily matched with integrated circuit. Jan. 1990, pp 17 -26 .
4) No need P-N junction.
5) Cheap price.
The further work is being done in our lab, and more data

will be published in the next paper.
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MICROSTRUCTURE-INDUCED SCHOTTKY BARRIER EFFECTS
IN BARIUM STRONTIUM TITANATE (BST) THIN FILMS

FOR 16 AND 64 MBIT DRAM CELLS

J. F. Scott,* M. Azuma,* E. Fujii,* T. Otsuki,*

G. Kano,* M. C. Scott,* C. A. Paz de Araujo,+
L. D. McMillan,' and T. Roberts'

+ Symetrix Corp., 5055 Mark Dabling Blvd., Colorado
Springs, CO 80918 and Univ. of Colorado (Boulder, CO

80309-0390 and Colorado Springs, CO 80933-7150)

* Electronic Research Laboratory, Matsushita Electronics
Corp., Takatsuki. Osaka, Japan

Abstratq dielectric constant is ca. 1300 at I MHz butrolls off to ca. 40 at about I GHz; similarly, its

Barium strontium titanate is the material loss tangent diverges to ca. 0.1 at such

of choice for advanced DRAM cells with simple frequencies. Thus, at the high clock rates

structures. The linearity of the dielectric envisioned for ULSI DRAMs Q! 100 MHz), PZT is

properties of this system of solid solutions is completely unsuitable. By comparison, BST
controlled by the composition and micro- retains its dielectric constant of E = 400 - 800
structure. Recent results show that the up to 2 - 3 GHz, and a loss tangent of 0.001 to
leakage current is also very dependent on the 0.02 at such frequencies. 4

acceptor-to-donor ratio at the grain In the present paper we examine the
boundaries, inducing Schottky barrier effects. current-voltage and capacitance-voltage
This problem does not void the application of characteristics of fine-grained, ceramic BST
BST to ULSI DRAMs, but it must be controllable thin films for ULSI DRAM applications.
in order to achieve repeatability. This paper
shows a model and pertinent data for
integrated BST capacitors used in 16164 Mh Experiment
DRAM cells. The results confirm in detail the
earlier conclusion of R. Waser and M. Klee I(V) Current-Voltage Data:

[Ferroelectrics, in press, Aug. 19921 that
conduction in ceramic SrTiO3 is Schottky- The sample geometry is illustrated in Fig. I.

dominated and that the Schottky barriers Typical specimen dimensions are: Specimen

arise from depletion regions at grain #20. 70% Ba. 143 nm thickness. E' = 504. Tan

boundaries and not only at the ferroelectricl 6 = 0.015. Specimen #25. 80% Ba. 142 nm

electrode interface, thickness. c' = 436. Tan 6 = 0.017. The
capacitor areas were both 6940 pzm 2 .

Introduction Measurements were at 50 mV at I MHz.
In Figs. 2 and 3 we replot these data

The present trend toward replacement of ,Isus different powers of applied voltage
SiO2 and Ta205 capacitors in DRAMs (dynamit
random access memories) with very high VI12 and V-1). These plots will show
dielectric films has emphasized strontium thali the behavior is that of Schottky tunneling
titanate (SrTiO3) and (BST) barium strontium [or Frenkel-Poole; the two mechanisms differ
titanate (BaxSrl-.xTiO3). A planarized (i.e., only by a factor of two in slope in such graphs,
without trenching) 64 Mb cell design with sol- and we will discuss the evidence that this iswto BSTisbenhing) 64eMbnell desi withm1 son- truly Schottky and not Frenkel-Poole in a
gel BST is being presented this autumn.a and separate paper) up to ca. 6.5V and that of
work with sputtered BST has gone on at NEC Fowler-Nordheim tunneling (field emission)
for several years. 2  Although some authors above ca. 6.5V. Fig. 2 shows the I(V)
believe 3 that lead zirconate-titanate (PZT) is characteristics of sample #20 from 20 to 2000(C
suitable for ULSI (ultra large scale integrate.; I 1- results for sample #25 are extremely
DRAMs, that is not our opinion. In PZT the -,,-:.ar. The dashed curves are the theoretical

CH3080-0-7803-0465-9/92$3.00 ©IEEE 356
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SQUARE ROOT OF APPLIED VOLTAGE (V1/ 2 )

Figure 1. Device structure: BST ceramic film, Figure 3a. Semilogarithmic plot of current

140-210 nm thick, sandwiched between 200 nm density versus the square root of applied
Pt electrodes, with 20 nm Ti adhesion layer. voltage for 80% Ba BST sample, 142 nm thick,

at temperatures of 20, 80, 120, 160, and

2000C. The straight lines are the predictions

---10- 3  200°Cfor Schottky conduction, found to be valid

E 200 00 below 6.5V (455 kVlcm).
160
120
80

S 10- 5 20 " a1-5

co E
z

z 10-7 - 07 t:-• 20°
D 160

0 - 9 t -120io I-- 8

1: z 8

0 1.6 3.2 4.8 6.0 8.0 L6
CC 109 _6.2 V

APPLIED VOLTAGE (V) •

Figure 2. Semilogarithmic plot of current 0.08 0.17 0.26 0.35 0.44 0.53

density versus applied voltage for 70% Ba BST RECIPROCAL VOLTAGE (V-1)
sample, 143 nm thick, at temperatures of 20,
80, 120, 160, and 2000C. Note that the 2.5V Figure 3b. Semilogarithmic plot of the data in

UILS! operating voltage at room temperature Fig.3a versus IIV; the straight lines show

the leakage current is 20 nA/cm 2 . agreement with Fowler-Nordheim tunneling
(field emission) above 6.5V (455 kVlcm).

form for Schottky conduction: Strictly speaking, field emission is quite

log (JIT2) = const. x 112 0.) independent of temperature, whereas our data

in Fig.3 are slightly dependent upon T even at
Fowler-Nordheim tunneling: the highest fields employed (12VI200 nm =

And in Fig.3, with F600 kV/cm). This indicates that the mechanism

is not strictly Fowler-Nordheim (field emission)
log (JIV2) = const, x V-1. (2.j ut perhaps a mixed phenomenon.

Since Schottky conduction appears

These graphs show that over the full dominant at the intended operating voltage of

temperature range studied (20 - 2000c) the this device, on the basis of the voltage

conduction mechanism is Shottky at voltages dependence shown in the figures above, we

less than 6.5V, but that Fowler-Nordheim complete the demonstration of Shottky

tunneling is dominant from 6.0 - 12.OV. conduction by showing in Fig. 4 below the
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temperature dependence: E, dielectric constant; A, capacitor surface area;
AV = Vb-V; and ND, donor concentration.

log (JIT 2 ) = const. x T- 1. (3) This dependence is confirmed in Fig. 6,
where we use d = constant = film thickness for
numerical values (but since d is not a variable

TEMPERATURE (°C) in these data. only the relation I/C - exp V is

1000 200 12080 20 being tested).
10 These data, plus the observation that neither

conductivity nor dielectric constant of our BST
films exhibit a strong dependence upon film

D ttijikness, support a model that the nonlinear
0 C(V) characteristics are due to strong depletion

that cannot originate from the BSTlelectrode
n- interface, but must come internally from the BST

100o- ceramic itself.7  This confirms the conclusions of
< 'Waser and Klee. 8

:cEu , 740 "

uLJ zz:ý SAMPLE #20 Z 7 4 I I I I
AT 5.6V I-

F- 17, Z 600

U L/ 460oZn- 

n- 0_T
Z SAMPLE #25

Wu AT 4.8V 0 300
Cr w.-

O t• 140
-500 -250 0 250 500

1.0 _____________ _APPLIED FIELD (kV/cm)

1.0 2.0 3.0 4.0

RECIPROCAL TEMPERATURE Figure 5. Capacitance-voltage C(V) data for
(1000/K) ceramic BST samples #20 and #25. Dielectric

constant is plotted versus field from -0.5
Figure 4. Temperature dependence of leakage MV/cm to +0.5 MV/cm (ca. -8V to +8V'). The
current densitT J in ceramic BST samples #2k small-signal dielectric constant K is ca. 700.

and #25. log(J/T 2 ) is plotted versus ]IT. At the intended operating voltage of 2.5V, it is
Fhe straight lines confirm Schottky-dominated about 530.
i'urrents at voltages up to 6V (400 kV/cm). References

(1.1 M. Azuma et al., "A 64 Mb Ferroelectric
C(V) Capacitance-Voltage Data: DRAM Cell," IEDM Conf., Dec. 1992 (in press).

Fig. 5 shows the capacitance-voltage data 12.1 Y. Miyasaka el al., Proc. TMS Conf,
on one ofthese tiwo samples. If we assume that Boulder, Colorado, June 1991 (in press).
BST near the electrodes is an n-type semi-
conductor, due to oxygen vacancies, then the 13.] R. Moazzami, C. Hu, and W. H. Shepherd,
capacitance of the depletion region, under IEEE Electron Device Letters II, 454 (1990);
reverse bias voltage Vb, is given hv: 5 ,6  L. H. Parker and A. F. Tasch, IEEE Circuit and

Devices Mag. 17, (1990); R. Moazzami et al.,
Cd = A {qEND/(2AV)} t /2, (4.) IEEE Trans. Elec. Devices (in press, Aug. 1992).

from which one can obtain [4.1 J. F. Scott, C. A. Paz de Araujo, L. D.
McMillan, H. Yoshimori, 1t. Watanabe, T.

log (IC) = const. x V. (5.) Mihara, M. Azuma. Toshiyuki Ueda, Tetsuko
Ueda, D. Ueda, and G. Kano, "Ferroelectric Thin

Here C is capacitance; d, a depletion thickness Films in Integratred Microelectronic Devices,"

which can be either film thickness in our case Proc. 25th Int. Conf. Polar Dielectrics (London,

or an inter-grain parameter; q, electron charge; April 1992, edited by Roger Whatmore et al.).
(Ferroelectrics, in press, 19921.
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Figure 6. Capacitance-voltage relationships in
ceramic BST specimens #20 and #25. The
logarithm of reciprocal capacitance is plotted
versus applied voltage (thickness d is actually
not a variable in the data plotted).

[5.1 in-Chyuan Ho and Shen-Li Fu, "Effect of [7.1 S. Roberts, "Dielectric and PiezoelectricReoxidation on the Grain-Boundary Acceptor- Properties of Barium Titanate," Phys. Rev.
State Density of Reduced BaTiO3 C-ramics," j. 71, 890-5 (1947).
Am. Ceram. Soc. 75, 728-30 (1992).

[8.1 R. Waser and M. Klee, "Theory of[6.] Ben Huybrechts, Kozo Ishizaki, and Conduction and Breakdown in Perovskite
Masasuke Takata, "Experimental Evaluation Thin Films," Proc. Int. Symp. Integrated
of the Acceptor-States Compensation in Ferroelectrics (ISIF '91), Colorado Springs,
Positive-Temperature-Coefficient.Type CO, April 1991, edited by C. A. Paz de Araujo,
Barium Titanate," J. Am. Ceram. Soc. 75, 722- pp.288-305 [Ferroelectrics, in press, August
4 (1992). 1992].

19921.
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NEW FERROELECTRICS Bal.xMx(L12xAl2.2x)04.4xF4x (M=Pb,Sr)

Sui-Yang HUANG, R.VON DER MUHLL, J.RAVEZ and P.HAGFNMULLER

Laboratoire de Chimie du Solide du CNRS,Universit6 Bordeaux I,

351 Cours de la liberation, 33405 Talence Cedex, FRANCE

,bstrac The reagent were 99.9% purity Merck products for PbF2,

New ferroelectric ceramics Bal-xMx(Li2xAl2.2x) SrF2 and LiF and previously prepared BaAI 20 4 powder. The

14-4,F 4 ,withxE[0,O.07]forM=PbandxL[O,O. l]forM=Sr mixture was ground and then uniaxially pressed as

ave been studied. The behavior of Tc with composition pellets, heated in vacuum for 2 h at 120°C and sintered

as been determined. For Pb Tc decreases first from 396 in platinum sealed tubes at 1450-1500'C. The XRD

) 233K when x rises from 0 to 0.04 and then, for x patterns show o,'ly one phase up to the jpper values

ising from 0.04 to 0.07, Tc increases from 233 to 320K. observed for x,,=0.07 and xs,=0.l.

"he thermal variation of Ps was determined. The

ariation of Tc for the Sr-compound is rather similar: 3.X-RAY DIFFRACTION
"c decreases first from 396 to 238K when x rises from 0 The XRD patterns of the two kinds of new obtained

1 0.05 and then remains constant when x increases up to ceramics can be indexed with an hexagonal unit cell: the

I.I. examination of the positions and the intensities of the
reflexions shows that they are isostructural with

l.INTRODUCTION BaAI204. This structure can be considered as deriving

More than twenty compounds isostructural with BaAI 204 from that of 13-tridymite [7]. The three dimensional

iave been reported yet, some of them have been claimed framework is built up by layers of [AI04] tetrahedra

,r predicted as ferroelectric [1]. The first one was sharing three corners, the layers are linked by the

he solid solution Ba(Li2xAl2.2x)O4-4xF4x investigated remaining corner. Large tunnels parallel to mne c-axis

iy Dunne et al. on single crystals with composition are filled by 9-coordinated Ba atoms. The lattice

:[0. 15,0.30] [2]. We also studied the same compositions parameters were determined by least-square fitting. The

ts ceramics for xE[0,0.3] [3]. Crystals of Fig. 1 shows the variation of a and c , of the c/a ratio

3a0 .98(A1o.999 Cu.001)204_a were investigated by Bush and the cell volume V vs. x for the

mnd al.[4]; the materials with composition Bal-xPbx(Li2xAl2_2x)O4_4xF4x ceramics. We shall discuss

3a1.05Ga204.05 and Sri, IA1204.1 were also reported as

)eing ferroelectric [5]. It could be concluded that .pow:der- ---- cer ic

naterials with a structure close to that of BaAI 204 > 8 .

•ould be ferroelectrics. The purpose of the present

atudy is to investigate the dielectric and pyroelectric -0.8420 OH/a"

)roperties of some new compounds derived from BzA12 0 4 by 0.8410

.he mixed substitutions BalM - Al/Li - O/F (M=Pb,Sr).

2,SAMPLE PREPARATION '10.45- T

A BaAI204 powder was prepared as starting material by -

;olid state reaction at 130u°C: 10.445

2BaCO 3 + 4AI(OH)3 -4 BaAl204 + 6H 20 + 2CO2ý 8.800'

rhe reagents were Merck 99.0% purity products. The X-ray " 8.795 ...... .. "

liffraction patterns may be indexed with an hexagonal C , . . H\ I

mit cell with parameters: a=10.449(l)A c=8.793(1)A 8.790 1
:lose to those of BaAI2 0 4 single crystals [6]. The solid 8.785 ,
olution ceramics were then synthetised by solid state 0 0.02 0.4 006 008

-eaction: X

I-x)BaAI 2 0 4 +x(MF2+2LiF) 4 Fig. I Variation of a, c, the c/a ratio and unit cell

BalxMx(Li2xAI2.2x)O4_4xF4x (M=P1,,Sr). volume V with x for Bal-xPbx(Li2xAI2_2x)O4_4xF4x.

080-0-7803-0465-9/9253.00 ©IEEE 360



te values measured on ground ceramic powders, some Er

ifferences appeal for the values obtained from the 70V . ''' /

Lrface of the ceramics probably due to inierna) 680

tresses developed during sintering. For the Pb- /

ontaining solid solutions, a, c and V decrease first

ar rising x up to x=0.04 and then remain constant. The /i7

eplacement of larger Ba2 + ions by Pb 2 + (r,2 + (IX) = 1.47A 682

PhZ(IX)=l.35A) explains the cell contraction observed

or x<0.04 . For x exceeding 0.04 this effect seems to be

ompensated by the substitution of bigger 1i+ for A13 + ICU 15') 3200 2& Y 5 )0'

rl,3 iV)=0.39,krL,,(IV)=0.59A) with a probable slight ton6

earrangement of the stnicture. For the Sr-solid 00--....--- --- --- /-- -c--F

,olution (Fig.2), the values of a,c and V decrease

inearly with rising x in the whole domain between 0 and

).1. The smaller size of strontium (rs,+(MIX)=l.31A)O11C46

:xplains indeed the stronger decrease of the cell 00140 !

3arameters and volume.

835 
002

S830 I
50 100 150 200 25• 0 030 50 400 450 503

0.8420_ 
Fig.3 Temperature dependences of rý and tan6 for a

"X 08301 I Ba0 .9 3 Pb0 .0 7Li 0 . 14 AII. 86 0 3 .72 F0 .2 8 ceramic.
U 0.8381 _ _-"

-1 a46 ' (-K')

o 10.42J7 400 .r,,,2•.. o ,,

&80,1 
380 X B,.XS,,(-,2xAl2x$)44,F4 -

£ .T 1 • 1 6

876 
360

.74 1_. 
. 3 4 0

0 0.02 0.04 0.06 0.08 0.10 320,
X 300

Fig.2 Variation of a, c, the c/a ratio and unit cell 280
volume V with x for Bal.xSrx(Li2xA)2-2x)O4-4xF4x. 260

240
220

0 0.02 0.04 0.06 0.08 0.10
X

4.FERRQELECTRIC PROPERTIES Fig.4 Evolution of the Curie point TC vs - for

The dielectric constant e. and tan.5 were obtained by Bal-xMx(Li2xAl2_2x)O4_4xF4x(M=Pb,Sr) ceramics.

capacitance measurements on gold electroded pellets

between 80 and 500K in the frequency range [20, 300k]Hz.

In the thermal variation of c. for Ba0 .93 PbO. 0 7 Li0 .14 variation of Tc with x results from the competition of

Al1.8603.7 2 F0 .28(Fig.3) a small peak corresponding to Tc the Al-Li, O-F against Ba-Pb substitutions. The tAz shift

can be observed at 320K. The dielectric loss due to of the central atom AI(Li) in the tetrahedra along the

ionic conductivity increases quickly above 350K. The polar axis from its position in the paraelectric phase

variZion of Tc vs x rate is given in Fig.4 for two is mainly responsible of the spontaneous polarization in

solid solutions. For the Pb-containing solid solutions the solid solutions with low substitution rates. The

Tc decreases first for x increasing up to 0.04, and then replacement of A13 + by bigger Li+ ions limits its

increases. This minimum behavior was already observed displacement in the corresponding tetrahedral site. This

for the BaLi2xA]2-2xO4-4xF4x solid solutions [3]. The effect as well as reduced covalency due to Al-Li
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cationic and 0-F anionic substitution leads to

decreasing Tc. For x>0.04 the Ba-Pb cationic 12,". • 1556kV cr"

substitution f;.vor an increase of Tc. The polarization 10 -1282kV-`

of Pb2 + is stronger than that of Ba2 + [8]; this may 716kV.,

modify the atomic framework more that the O-F 8 1

substitution and even if the flucride anions are not 6'

statistically distributed. 4-

Fig.5 shows the temperature dependence of c. for a 2,

Ba0.gSr0.1.i0.2AII.803.6FO.4 ceramic. The dielectric 0 ,-- -

peak is diffuse at Tc=238K. The conductivity effect -21

becomes obvious above 350K. The relation between Tc and 50 100 150 200 250 300 350
TI(K)

x is shown in Fig.4. Tc decreases first with rising x up

to 0.05 and becomes practically constant for 0.05-xs-0.I. Fig.6 Thermal variation of the pyroelectric coefficientp for a Ba0 9 3 Pb0 .0 7 Li0 .14AII. 8 6 0 3 .7 2 F 0.28 ceramic

The replacement of Ba2 + by smaller Sr2 + ions in the

Er Ps (rO cm,•

6 565~50

64' k 04

0,3
6?20

100 1' T 11 2 SO 300 350 400 450 __

T (K) 50 100 150 200 250 300 350

Fig.5 Temperature evolution of c- for a Bao.9SrO. 1  
T(K)

[io.2AI1. 803. 6F 0 .4 ceramic. Fig.7 Temperature dependence of the spontaneous
polarization Ps for a Bao.9 3 Pbo. 07 Li0 .14
Al .86 0 3 .72 F0 .2 8 ceramic.

large 9-coordinated site gives more space for cation

shifts. The spontaneous polarization related to the

displacement of Sr2 + becomes considerable when the

substitution rate x is bigger than 0.05. This may It was not possible to observe an hysteresis loop

compensate the decrease of Tc due to the coupled for the ceramic samples between 200 and 350K, probably

substitutions of Li for Al and F for 0. due to the low value of the spontaneous polarization

(Psmax(200K)=0.57nC.cm- 2 ) by comparison with the
5.PYROELECTRIC PROPERTIES sensitivity limit of the equipment (APs =+10nC.cm- 2 ).

Thermal variation of the pyroelectric coefficient p The pyroelectric measurement cannot be performed on

and spontaneous polarization Ps are reported in Fig.6 the solid solutions Ba1_XSrxLi2xAI2_2xO4_4xF4x because

and Fig.7 for Ba0. 9 3Pb0 .07 Li0 .14 AII. 860 3 .7 2F0 .28 . The of the sintering temperature limit and the very bad

ceramic samples have been previously poled by heating at compactness of the ceramics (dh,/d.i, <0.75).
the poling temperature Tp=Tc-30K with a dc field during

3 min. After polarization the samples are short- 6.CONCLUSION

circuited at the same temperature for 10h in order to New ferroelectric ceramics have been prepared.

eliminate the space charges. The measurements were A correlation between the Curie point Tc and

performed by a thermal depolarization method with a substitution rate x is observed. For Pb-containing

heating rate of 6K/min. The direction of the ceramics Tc decreases with x and then increases again

polarization vector can be reversed by application of an linearly; for Sr containing ceramics Tc decreases first

electric field. p presents a sign reversal around 200K and then becomes constant with x. The spontaneous

and Ps shows a maximum at the same temperature. This polarization is measured on the
unsual behavior had, nevertheless, been previously Ba0.93PbO.07Lio. 14AI1. 860 3 .72 FO. 28 ceramic sample, the

observed for BaAI 204 and BaLi2xAl2_2xO4_4xF4x[3,4]. maximum value is 0.57nC.cm-2 .
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Abstract
Determination of the crystal structure of crucible was heated up to 995 K in the isothermal zone of

Pb5 Cr 3F 19 at room temperature reveals an atomic the furnace. Cooling was achieved from 995 K to 825 K at

arrangement that satisfies the structural criteria for a 0.5 deg.h"1 rate and from 825 to 293 K at a 10 deg.h"1

ferroelectricity. Ferroelectric Pb 5Cr 3F1 9 forms a complete rate. A transparent block of about 2 cm 3 and of

series of solid solutions with Pb 5A13FI 9 . Large colorless Pb5 AI3 Fj 9 -type has been obtained.
crystals of the latter type, with dimensions approaching A microprobe study leads to a composition
1cm 3 , have been grown in sealed platinum tubes by the of 63 ± 2 moles % PbF 2 combined with AIF 3 . This

Bridgman technique. The phase transitions in Pb5 A13FI 9  result includes the value 0.625 which corresponds to

have been studied by optical microscopy on crystals Pb5 AI 3 FI 9 ; the measurement nevertheless does not

oriented along different crystallographic directions. exclude a possible solid solution of PbsAI 3Fl 9 -type at
Ferroelastic domains have been observed; a reversible and high temperatures.

reproducible ferroelastic-prototype transition has been
shown. The thermal dependence of the birefringence has OPTICAL OBSERVATION BY POLARIZED

also been determined. The ferroic properties of Pb5 AI 3 FI 9  TRANSMITI'ED LIGHT,

are discussed in relation to the crystral symmetry.
Experimental procedure

I - INTRODUCTION A Ortholux II Pol polarising microscope was used
The determination of the crystal structure of with transmitted light for all observations. A low

Pb 5 Cr3 FI 9 at room temperature has revealed an atomic temperature stage using a cooled nitrogen stream allows
arrangement that satisfies the structural criteria for experiments from 77 to 300 K. In the temperature range
ferroelectricity (1). Various studies on powders, ceramics from 300 to 600 K, the specimens were set in a Leitz high
and single crystals have confirmed this hypothesis. There temperature cell heated by a Pt resistance controlled
is in addition a family of compounds with formula furnace. The temperature was recorded with a
Pb5 M3 FI 9 (M = Al, Ti, V, Cr, Fe, Ga) (2). Ferroelectric thermocouple. The birefringence was measured with a
Pb5 Cr 3F 19 forms a complete series of solid solutions with Nikitin-Berek compensator using a 543 nm interferometer.

Pb5 AI3 FI 9 (3). Crystal growth of lead fluoroaluminate has
been carried out in order to investigate the phase transition Optical characterization
by optical measurements. A crystal of Pb5AI3FI 9 -type was first cut parallel

to the (001) plane of the prototype tetragonal (P.T.) phase
II - CRYSI AL GROWTH and then polished. This sample cannot be totally darkened

The PbF 2 -AIF 3 phase diagram has been previously between crossed polarizers and its behavior thus
determined by Shore and Wanklyn and more recently by corresponds to a very weak birefringence. Observation in
Moulton and Feigelson (4,5). We have partially checked convergent polarized light (conoscopic observation) shows
their results. The diagram exhibits a eutectic point at about an interference figure with a slightly deformed cross close
933 K (around 65 mole % PbF 2 ). As Pb5 A13F 19 melts to that of an uniaxial material. The addition of a X crystal
incongruently, a PbF 2 rich composition (72 mole % PbF 2 ) plate allows clearly the determination of the optical sign as
has been selected as starting mixture for crystal growth. positive.
PbF 2 is a pure Merck (99.99 %) powder. Anhydrous Al1 3  A second crystal was cut and polished as a plate of
is obtained by thermal decomposition of (NH 4 )3 A1F 6  80 pAm thickness parallel to the (110) plane. The
under dry argon atmosphere. observation between crossed polarizers shows this direction

The operation has been performed in a platinum to be birefringent. The orientation of the low speed axis
crucible sealed under dry argon. After preliminary was determined to be parallel to the c axis of the P.T.
interaction of pure PbF2 and AIF 3 (15 hrs at 825 K) the phase.

C1130t0-0-7X03-0465-Q/92$30X) ©IEEE 364



Obse_...ion of the domain walls and thermal behavior
At room temperature, on (110) oriented plates, two

kinds of ferroelastic domain wall orientation can be
observed, parallel or perpendicular to the c-axis of the
P.T. phase. The thickness of the domains is about 2 ;m.

The thermal behavior of the domains was observed from

the temperature range 77-400 K for crystals cut at different
places in ti- original ingot. Cooling from 300 K to 77K K

does not .suit in a total disappearance of the domain
walls. heating, from 300 to 400 K, the domain walls
vanish at a definite temperature lying in the range 330 to
360 K depending on the specific crystal i.e. its position in 4
the original ingot. Such a result involves a composition
gradient. On cooling from 400 to 300 K the domains
reappear at a temperature close to the vanishing
temperature observed on heating. The domain pattern 4
reappears without molification of the previous aspect. We *" i j
may thus conclude that this temperature corresponds to the
ferroelastic-prototype transition without apparent
hysteresis. The unchanging domain pattern after several
transitions suggests that strong internal stresses develop
inside the crystal. Figure I shows the domain pattern
below the ferroelastic Curie temperature. Fig.! - Domain structure of a PhrAr3F 19-type single

crystal at room temperature.

Birefringence measurements
A study of the birefringence for a (100) crystal

plate An = na - nc was measured between 300 and
600 K. The curve shows a discontinuity at the ferroelastic-
prototype temperature (Fig.2).

DISCUSSION
A crystal about 2 cm 3 and of Pb5 A13 F1 9 -type has

been prepared. Optical measurements have revealed only
one phase transition from a ferroelastic to a prototype
phase whose symmetries are monoclinic and tetragonal
respectively as was recently shown by electron diffraction
(6). Compared to X-ray diffraction on powder studies,
there is no doubt that the crystal obtained is of Pb5 AI 3 FI9 - 13
type but has a slightly different composition (7). In fact

for 0.625 mole % PbF 2 corresponding to Pb5 AI 3FI 9 there
are three transitions rather than only one in the temperature
range 77 to 600 K.
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POIJNG AND SWITCHING BEHAVIOR OF FERRUEL-( TRIC SIN(IE GRAINS
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ABSTRACT Ahere (Af11 v.51 is the half-width at half-maximuni height of the
spectrum which is determined by the efficiency of deca,

Piezoelectric resonance signal fromn minute (-l10 ag) single grain mechanisms of the electromechanical energies stored in the sample.
ferroelectric sample is observed by using an inductive pulse method. The measured quantities are related to the complex elastic
The inductive pulse detection method does not require electrodes to stiffness constants C . , size I and density p of tile sample 141.
be coated on the samples and is suitable for the small size samples.
Examples of the temperature dependent resonance signal from I-- * -*

Rochelle salt, K|I,POtKDP), and NH 4H.PO,4ADP) single grains = n A C.)
are shown. Poling and switching behavior of a single grain _ V p
Rochelle salt in an external electric field is studied. Time
dependence of the resonance frequency and decay time constant of K
the transient piezoelectric resonance signal reflects the change in= tail Im .C t ....1
sample polarization due to variation of domain structure. Another K-) it* fK
advantage of the inductive pulse detection method is its capability of Re C, T
observing fast initial change just after the application of electric
field. The in-situ detection characteristic is facilitated by the well where i, J and K are the indices representing appropriate directions
isolated detection and poling systems inherent to inductive methiods, of stress and strain and the surface condition of measur, ments.

respectively. In the above it is the order of harmonics being
Introduction measured, tan ý,, the mechanical loss which is inverse of the

In the application of ferroelectric materials two Mostly used bulk mechanical Q-factor, and I the size of sample in the direction of
forms are applcrystasio n d of erroeaeics. aterials to ostly consiss b propagating mechanical waves.

forms are single crystals and ceramics. Naturall> ceramics consists The couplings between sample and sample coil are modtified as
of many random grains and this fact introduces inherent in Fig. 2 to be more appropriate for orienting and poling a minute
inhomogeneities to the system. Even in single crystalline system grain sample. The sample is placed in a parallel plate capacitor cell
the ferroelectric domains are formed spontaneously due to the and oriented by applying a small dc electric field. The sample is
,Wmmetry breaking phase transition. These provide complexity in coupled to the detection system by passing the %%ire from an
the study of ferroelectric materials. Electric fields are routinely electrode of the cell through the sample coil. One can also connect
a.-vlied to pole the ferroelectric specimens as single domain-like as the wire to a high voltage dc power supply for the poling
possible. The change of domain structure with time represents its measurement,.
approach to a more stable one in an electric field.

When the size of ferroelectric sample becomes smaller than the

typical domain size (0.1 pill - I prnm, it is hard to form mnti-
domain structure and the sample remains in a single domain form in Frequency Synthesizer Broadband RF Amp
ferroelectric phase. IlIl On the other hand, the small size makes the Gt
sample more susceptible than bulk to the influence of surface. It is HP 3325A CIN, 3,00LA
very important to s:udy the sample size dependent ferroelectricproperties3 however, experimental studies are hampered by the
difficulty in attaching electrodes onto minute samples. Noncontact
methods which do not require electrode attachments will be suitablefor the study of fine grain samples. ulse Programmer --

An electrodeless detection method of piezoelecti: res;onance
signal has been developed. 121 We modify the methol. a.. tily it
to the study of minute single grain samples.dto t 50

Method

The electrodeless detection method of piezoelectric resonance MATEC BROADBAND RX 625 ARULAB -

employs the techniques used in pulse nuclear magnetic or quadru-4
polar resonance(NMR or NQR) experiments. 131 The schematic
diagram of the detection system is shown in Fig. 1. In this non- RF Amp Tuned
contact method the sample is placed in a sample coil, rather than in Video Amp Pre-amp
a parallel plate capacitor, in contrast to conventional methods. 121
The piezoelectric excitation and detection of resonance are done by Low[passtiter
rf electric field of the sample coil. The detection system is a
conventional phase coherent pulse NMR spectrometer which is
operated at frequencies near 3.5 MHz. Certainly, the dc magnetic Signal Digitizer
field which is necessary for NMR experiments is not relevant. The x y Recorder
detected piezoelectric resonance signal is a form of free induction ' coLET i ordr
decay (FID) signal in NMR terminology 131 and two quantities, the 0 Computer
resonance frequency f, and the decay time constant T," can be
measured. The frequency f, is actually the antiresonance frequency
f in piezoelectrics terminology. The decay time constant is related
to the width of resonance spectrum by Fig. I: Block diagram of inductive pulse detection system. This is

a conventional pulse NMR spectrometer system with phase sensi-(A f, )HW - 1() tive detector (PSD). A piezoelectric sample is placed in sample
2 nT2  coil. The crossed square represents a back-to-back pair of diodes.

(CI (O-!)-7X1)3-l4(65-Q/Q253.lX)o ,;',lEEI". 17



Examples of the temperature dependent resonance frequencies
are shown in Figs. 3, 4 and 5 for Rochelle salt, KDP and ADP single
grain samples, respectively. Rochelle salt is unusual in that the

-- ferroelectric phase appears between two nonferroelectric phases
separated by two Curie points T, = 24 'C and T, = - 18 'C. 151
Antipolar ordering of dipoles into two sublattices was claimed for
the nonferroelectric phases. 161 Rochelle salt is also known as
consisted of many domains in its ferroelectric phase and the domain

6 structure can be changed easily by applying electric fields. [71 The
relevant elastic stiffness component to the measurements in Fig. 3
is CP* for the thickness shear mode at constant polarization, and dc

S2 electric fields are applied parallel to the crystalline a-axis. The
5 Ttemperature dependent changes in resonance frequency f,P possess a

3 kink at the upper transition temperature. The kink structure, which
was attributed to morphic effects 181, depends on the strength of dc

2 4 electric field applied to the sample and smears out when the field
I -exceeds 900 V/cm as can be seen in Fig. 3..The s-shaped kink and its influence on electric field resemble the

Van der Waals' equation of state for gas-liquid transitions and the
influence of temperature to the shape of transition in a P-V diagram.
We interprete the kink as the gas-liquid-like transition of interacting
dipoles. The gaseous state is the high temperature nonferroelectric

to detection system phase and the dipoles undergo random fluctuations between two
symmetric potential wells. The liquid-like state is the ferroelectric
phase where interactions of dipoles generates built-in asymmetry in
potential and the dipoles condense in the lower energy well. The

Fig. 2: Sample cell geometry for minute single grain samples. A kink represents buildup of two types of domains below the transition
teflon bolck(l) contains hollow where parallel plates(2) and sample temperature and the domain formation becomes inhibited when dc
(3) are placed. Electric wire passes through sample coil(4) and electric field of sufficient strength let one of the two domains be
connects to a high voltage dc power supply(5) with a current more preferable.
limiting resistor(6). The temperature of sample in a temperature In Fig. 4 we show the temperature dependence of two different
controlled dewar is measured by a thermocouple(7). resonance frequencies f,P and fE of KDP measured with constant

polarization (P) and field (E) conditions, respectively. Experimen-
tally the different conditions are achieved by changing the resistance
values connected in series with the parallel plate sample cell. [9]

Results and interpretation For the f,P 2 MQ is used to mimic an open circuit for rf and 94 kW2

We present some of the measurements made on Rochelle salt is used for the f,'. Although the induction coupling scheme of our
detection method allows short circuit measurements, the smallKDP, and ADP single grains. The grain samples are selected out resistance is added to limit the currents and to protect the sample

from commercial granular powders (Junsei Chemical Co., Japan GR from overheating. The sample is oriented in electric field with the
grade). First of all, we observe as strong resonance signal from a crystalline c-axis parallel to the field. The relevant elastic stiffness
minute single grain sample (size - 0.4 mm x 0.4 mm x 0.6 mm) as components are C 66P* and C6,E*, respectively. The results are in
bulk plate (size - 0.4 mm x 1 cm x 1 cm) in spite of the large accord with the previous measurements i10y on bulk sample by
volume ratio - 400. This reflects the sample volume independent conventional method.
piezoelectric resonance signal intensity and opens up a possibility of
studying even a molecular thin piezoelectric wire by our detection
method.

T

S3.850-:3 786 -
>. ! t2-Z "Waf

3778 
W 3.350
z

(9 ~Z
3.774 0 3.-00

1 .770 ,TEMPERATURE()
.- 18 20 22 24 26 28 30

TEMPERATURE (C ) Fig. 4: Temperature dependent resonance frequencies of a KDP
grain. The open circuit resonance frequency (circles) has no
noticeable hysteresis (filled and open circles for the cooling and
heating measurements) or field dependence upto 2.5 kV/cm in the
scale of the figure. There is a strong decrease in resonanceFig. 3: Temperature dependent piezoelectric resonance frequencies frequency as the ferroelectric transition is approached. We could

from a Rochelle salt grain. The measurements are for cooling runs not find resonance signal in ferroelectric phase. The short circuit
with electric fields; 0 V/cm ( * ), 50 V/cm ( ti ), 200 V/cm ( c ), resonance frequency (triangles), on the other hand, is not influenced
500 V/cm (a ). 700 V/cm (& ) and 900 V/cm (m ) by the ferroelectric transition.
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One interesting outcome of the studies on small grain ADP is Summary
that the minute crystal, especially \, hen it is under dc electric field.
is free from the notorious shattering problem which is experienced The inductive pulse method of piezoelectric resonance detection
by the bulk ADP when it is cooled below the antiferroelectric is very useful in the study of minute granular ferroelectric crystals.
transition temperature T, = -122 `C. The cooling and subsequent The electrodeless nature of the detection method suits to the small
heating measurements in Fig. 5 show no evidence of shattering sized samples. The grain samples can be easily obtained from
when dc electric field of I kV/cm is applied to the sample conti- commercial granular powders. The intensity of piezoelectric
nuously throughout the transition. This opens up a new possibility resonance signal hence detected from a minute grain is not
of studying single crystalline properties of ADP in its antiferro- weakened in spite of its small volume and this fact will allow us the
electric phase. study of effects of small size on ferroelectric and piezoelectric

properties. Some interesting results including the evidence of
condensation-like phase transition properties of Rochelle salt and
the different shattering behavior in ADP grains on cooling have
come out already through the study.
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Abstract
p1 ./'l*-x/9i/5 ceramics X\\ith to\\ L a Vhe I a dopant hias at special Strong 11tinfluece

concentration, x =(i.5 to 4wt%, exhibit an onl the remianent p-,larI/ation. Ill thle case ott() anid
Antiterroelectric (All.) - 1'erroelectric (Il`) - 1%ý, ot I a. the 1)10) beha\ es siinihiarI as sho\\i nin
I~araelectric PHphase sequence. T[he I-T phase li"gure 1. 'I'li? pr \ ames aire the biggest i'r thle
exists in both AFF and PE pPhases in at \\1 de range. P11/ 1f'-0) 5/95/5 sample. InI the case of 2. I anid 4"o
D ielectric, pvroelectric, thermallN stimulated of la coi-tenIt hoit ex er. o)III- sli11 hx stereSIS loop)s
current and Raman scattering measurements hive and x er\ Small Pr- \A ames x\\ere obserx ed inI the
been pei-'rtored ats t~unctions of temnperature inI all xxhole temiper ature antige of'thie tranisient I`I K phaise
phases. T[he diffuse character of' the phase thle Coprio of tile ý;(l ) curves tor'll 1
transitions \\ as contirmed and the xx Idth of thle X/'95/5 (x= (1,.5 to 4\\ t`0). meiasured onl hcawng at at
phases coexistence xx as proxed to depend upon the I ki I/ 1requemicIC IS shoxx\ n1 in Figure- 2.
La concentration. Ani interpretation model is 'the Al']I -- T. and I1: -l[l: phase tranisitiomwl
proposed ror the defe~cts and the phases balance. temnperaitures ats Iiinctionis 01 the 11,j conicetrationl

Dielectric measurements are also slox I- i thle lI-gurc 2a.

T he P1,! 1 -x/955 ceramics \\ ith La content of j
0.5, 1, 21 3. and 4 Wt% w\ere prepared using at 35 -1
conventional method of' thermal synlthesis of '
mixed-oxides. The tinal sintering wýas pertl.onied at
1 250'C during 3 hours in a double crucible xx ith at U 3 212 _

Pb() atmosphere. As at result of the small size of'
the grains (10"ir and less) and the lowA porosity Zt 25 - 10
21, the obtained ceramics wxere partially trans- P
parent (-301V in the visible ligth for a 1m'm thick 2 8
sample) 4

Tlhe samples wvere coated with silver 1.- 6
electrodes. 'I'he temperature dependence of' the
permiittivity (F) and of the dissipation factor (tan6) 1 1- - 4
were measured at nine tixed ditkirent frequencies
between 0. 1 and 20 kiltZ using a computerized
automatic system based onl a 'l'esla BM-595 0.5 2 -- 2
RLCG-merter. '1'he remnanent polarizationi (Pjr) Vs.
temperature w\as obtained fr-om hysteresis loop 0 0
measurements in at field of' firequency 50 lit and 40 80 120 160 200 240 280
strength of' 5 kV/cm. Before measurements, thle -________________ T 0 -

samples were deaged by a therma I treatment at 600 Figure I.- lYemperature depenidence of' the penhit-
0C for one hour. An example of (E;) and Pr(T) tivit\ (1'= lkltz) and ol the renianent polariz.ationl
curves on heating and cooling, for l)ILZ'l'-l/95/5 onl heating (,curves I anid 3) and onl cooling (curves
ceramics are shown in Y'greI 2 anid 4) t'ir 11. 1'- 1/95/i.
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25 a' I fie -itinple %%as pre-ixkdari/ed in a dc fheld of~
4 200 - - 5V/cmi strength iipplied ýt (I e inside thle

FE 1:1. phaise) during 1( minn and then hecated through
thle F-IA. phalse transition %%thl thle rate ot

3 100- T he nietastable Ix)Iaritati(on ton-ned during thle
2 proces, of prepolarmito arises 1su0ixro thle

so com1binaztionl of \ arIouIs C01niponents aind ri~amel\
0 2 3 hterocharge (dipohar orientationl ionic aind edcc-

2tronic drift) aind homlocha~rge (electronic aind ionic
T. in~jection tront electrodle-o, Ihei thennaili Suniu-

kilted depolari/ia on Current can. In hi1S case. OCCUr

at tellmpera tures Much higher than thle temperaIture,

1 ait \kl)hich fhe sample a\s pre-pt dIIJued ilJUS j* Is

Such a1 behai\ our oftI SI )C ý\ as obser\ ed in the
caise ot the inxestigated PIJ .fI-x"-5/5 ceramics

0 ______ __ __ t'AFE-FE p V FE-PE 1
s0 90 130 170 210 250 'p"E-

-f12 - -1-12-

Figure 2: C ompatrion of thle c~1 ur\ c. ait 1 kIl. 4

onl heaiting, 60r Ii /TI-x/95/5 ceramirnc \\ ith I a-
content 0. t5 to Jxx t%ýý wnd the pha'se trninsition
temipcr tutres (1 I:-l curve 1. Al I-I region
bcet" ee curves 2 aind 3) aIs a Itunction oftla content 44

This phadse diagrami is compaxtible xx ith pairt ot' 10 1 120 210 220
thait for /r-rich II1/F imaterials, giveni b\ I laecrtlling T (C

and iand I'll. Ih oatcue tog Figure 3: 1 hle p~ roelectric current arround thle

dcreaCýsin~g Of thle i.111 values ait thle C urie Al~l-K-IL*- and FI K-PI phase trainsitionis (curw s
tempe)I-1Lratre \\Ihich is shifted doxx n\\ ards w\ith aind 2) aind polainatmonl \s temlperature (cur' es3
increaising Lat concentration. and 4) for lPI /-ti5/95'S ceramiics.

ihc diagram of the natural logarithmi of' the
tlFeLIlueNc vs. thle rciprocal ab)solute temnperatutre
proxedl tha~t thle freqIuenc\ dependence of' the Raman scattering measurements
temperantures ait x ichl local Imaxilma In the tan16('l) Raiman scattering mea~suremecnts havex Also
cur' eCs Occur can lie described h.\ the know\n been performed bor thle samec hi concentratloib of
equajtion f' toexp -l KI/kjki 141. The aictivation 0-5. I1. 213 anid 4;) lin thle tmipentatire lange 2t I to
Cienerges I t obtainned f'romn these data aire 2 St) 0C. aftier deaiging at 6t))"- for t ýir pproxnnimtelx

dppn tI-0Iua iCl\ Of I eV anld I 16-5eV 1'r the LI.Si/9)7), one hour beftore any\ nex\ experimnt:ll In this \\11ax
aind thle 31/95s/ ceramnics. r-especctiveix. strong memrior effccts. as \eli aIs the nlcreaisine

aIbsotp~tion of the Samples. due ito las'er illunlination
Pi r(Ielectric andI thermally stimulated depolari- \\ere elimuinated.
iation current mcsurements ( )ur Ranman scattering results slit,,\ that both

An evainlple of thle p\ e1e(Clct-ic Current 11 and LI adopauits Infl uence stronglx thle lattice
behax it týir atuind thle ALIT I K and FI -I j phase d\ namnics. reAlatix to thle particular phase transit ion1

tr~~~~i usti t . rcor~ded fol. thle III /1 I-iI59 /

ccr~~uintc'- t'.h xninhutire 3
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and to the relaxor properties of P/FT--/95/5 45

ceram ics. ['hey influence as well and especially the 40 7 ..... I ....... ................

neighbour AtE, FE and PF phases coexistence in
the vicinity of the phase transition temperatures. --
The Investigation of these phases coexistence bN 5.... ----
Raman scattering measurements indicated that

0) the transition temperatures decrease as the 25 ..

Lanthanum content increases and 20) the hysteresis \X. .
cycle broadens indicating that the character of the -\1 " : "i. / I \
transitions becomes more difftse with increasing . 7.;.....
Lanthanum concentrations from (., to 4 wV6,, in C .........................

other words, the width of' the phases coexistence Cv -.

increases. F-ig-ure 5 -txpernmental idots and filted (line)

lFor the first time. a ne\ peak at 25 cml was Raman spectrum of IT./.1-2/95'/5 at room

observed- it is present only in the FtE phase (even temperature. sho\ming the different components

mixed) of the PLIZT ceramics for all the l.a concen- [he spectrum has been corrected for the thenmal

trations under cons idera tion, population function.

Figure 4 illustrates the temperature behaviour
of all lom frequency peaks and especially of this temperature of the intensities (ntegrated area., of

ne\\ peak at 25 cm" 1 tbr the PIT'-2/95/5 ceramic. the second relaxor and of the three selected
lorentzian peaks: \\e observed a renmarq(Iable
similarity between the second relaxor curve as a

~ 25 Cm1 PZT 2/9515faunction of temperature and the corresxonding
dielectric constant curve ltr all LIa concentrations

under consideration.
.The selected peaks are 0') at 5t)cin-I because it is

C characteristic of the A:I phase. 20) at 3 Scr- 1
because it is characteristic of the partcular
p-erovskite structure and 30) at 25 cn-I because it

is characteristic of the HI phase (presumabl\ it
"corresponds to a zone edge longitudinal acoustic
vibration of the host Pb/r( )3 structure, activated b\
the presence of defects). Their integrated intensity

Figure4: Ramanspectra of PLIZT-2/95/5 ceramics variation with temperature allowed to dra\\ the
phase diagrams. In Ftigure 6 is sho\\n the case of

as a function of temperature. the P11:T-2/95/5 ceramic.

All the obtained spectra have been analysed in Discussion
terms ot an adequate superposition of 1 ') a The obtained experimental data sho\\ that the
relaxor contribution in order to take into account dopant has a strong influence on all the
the Rayleigh scattering, 20) a second relaxor Ctpropertcs f thecP.ZT-.x95/5 (x = 0.5

contribution in order to take into account the
central peak due to structural detbcts. 30) an cad creatine vacancies in its sublattice.

appropriate number of lorentzian shape peaks in The l~a sites are also considered as donors.
order to take into account the light scattering due to whereas Pb vacancies behave as acceptors, The
low frequency collective vibrations of the pair la 3+-Pb 2 + can also be considered as dipoles
constituant atoms. Figure 5 illustrates such a giving rise to dipolar polarization. In the vicinities
spectrum analysis fbr the case of PLZT-2/95/5 at of the AFEi-e:o- phase transitions they can play the

room temperature. role of nucleation centres of FE domains, similar to
(O)n the basis of this analysis of the Raman spectra, Nb5+-Pb 2 + dipoles in Nb doped dmbirs )3 and PiT

it has been possible to draw the variation with the ceramics [dd.

ceramics 161.
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PUZT 2/95;5 on healing domiains dll0%S .sUS to uliderStdud the ,hil
t00 ft.~.. hl steresis loop arid thle smiall Pr \ alues for thle

higher L~a concentration samples
~80 The separated donors ILa ions and \ acancies

~ AFE n the( ) sblatt ce behia\in aug u lraps) and
o 0 AE+E acceptors OnaiI\ x acanicles 1in tile Pb) sublatnice)

40*FE f'Onii SImu1UtancoUS'1\ n- and p)-type conducting
E3 FEP cathodic and anodlic surface lawerS, respecti~elk

I he electrons released due to thermnal generation~20
fromi donors and traps in the n-conducting cathodic

0 0 10 1020 la\yer diffuse tow\ards thle bulk Under a
0 so 00 15 200concentration gradient I'he emptied donor and trap

Temperature in *C centres change the electrochemicla) properties of thle

F-igure 6. Phase diao'rar of' the PU/:2/9-3/5 cathodic Contact, caulsing anl ill .ectioii of, electronls.
ceramnic based onl the appropi ~at. Ramian peak \%hich refill ag~ain these centres. It' this process is

inten sit ies fun1lctions of temlperatuLrc:. not etf'lcti\e eno(Ugh.ý a change of' the electric:
conlducti\ it\ t\ype takes place.

Hihe I a do pant has also anl inf11luece onl thle Considering this phenomenological miodel

quI it\ oft thi PI Vf f[cerali l's. caulsinge a decrease Illustrated Iin FiLtiure 7. one canl Understand thle
of' the Lira .In si/c and oI' the poro-ksit\ . Increasing Il diflerent aspects of our measurements
this Ilx hiri trainsparenc\ 131 In the case of thle tin dwe~in

~fl\est cacdcramnics, thle \acancies Iin the 'b and AFE or PE matrix
sublatticeS. caUSeu 0by I)'( ) subIlmation. shoUld

be also taken into account. sc reened local
lo explain tieobserw d strong broadened e ~ domain concentratior

Al: Iff 'I - -lK-I` an phase transitions, the IPolarizationI
Co Mps"i t iona anrd polari/a tion01 fluctuationls should Figure 7: Illustration of tmo \\a as ot'depoKlari/ation

be taken into account. I he occnrence: of' the fielid energy rninimiali/ation of FI domlainis
compsitinal luctations, is beyon~d ai.\ doubt ill remaining in an ALIK or PFl phase miatrix.

thle stu1died ceramiIcs. I he flu1ctuations occur Iin the
lPb. I at and \vacancies inl lb and ( ) sublattices References
distribution. [he same holds tor thle /,rfli 11 C~(. Carabatos-Ncdelec. 1. FI:-I larrad. Jt
distributI vim. [he broade~ning of' the phase I landerek. F. I kehat and I11. W~ ricke.
tranisitio~ns is much stronger iF'thec tmo-phase All> lectroelectrjcs. \ol. 125, 1) 48. 1992

11 ndIIK-lrein aeaprahe1t7ihr i 121 .1. 1 landerck. /.. I Jjmna. C. Carabatos-
concentration. [hle p 'lari/a tloll fluctuationis also Nedelec. G .IL. Kulgel. I). DI)nwtroý\ and I.
pfa\ an imiportant role. espaICIAllv around tile AFF FI KI-larrad. .1. Appl+ P~h~s. . (Under press).
F:1 transition. oin account of the small free energy'\ 1992.
dlifference bet ý\ecr these phases. It causes thle 131 ( i. 11. 1 Iaertling and C2 F, land. J. Amner.
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PROCESSING AND CHARACTERIZATION OF NEW MEMBERS OF
Pb-K-NIOBATE SERIES
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Depanment of Electrical Engineering
Texas A&M University

College Station, TX 77843-3128

ABSTRACT of x varied from 0.23 to a high value of 0.5. The ferroelectric

properties of these samples were studied and the results are

Two new members in the tungsten-bronze family of compared with those of original and traditional composition with
ferroelectric lead-potassium-niobate (PKN) have been identified. x=0.2 (Pb2KNbsOI 5).
Ceramic samples with general formula Pbl.xK2zNb2O6 have been
processed with different values of x. PKN with x = 0.20 is the E SSING
leading material for high speed broad band surface acoustic wave
devices. The new materials are of compositions x = 0.23 and x - PKN charge processing involved the mixing of chemical
0.34. The processing of these materials involves charge compounds in apfropriate ratios, developing a solid state reaction
preparation, solid state reaction, isostatic pressing and annealing, and densification.
These samples have been characterized for ferroelecutic properties
between 25 OC to 500 oC. The samples exhibit well pronounced Highly pure (99% or better) powders of PbO2, Nb 2O5 and
and characteristic peaks of a ferroelectric material in the thermal K2C0 3 are mixed in the necessary molar ratios as required for each
behavior of dielectric constant and conductivity. The Curie point for member of the compound (i.e., value of x in Pbt.1 K2zNb206). The
x = 0.23 is found to be at 396 oC ± 2 °C; whereas it is at 242 OC ± charge is then ball milled for several hours, stopping the process
2 °C for x = 0.34. These values are in close agreement with values intermittently to remove any packed material from the inner walls of
obtained from other measurements. The differential thermal analysis the container and mixing with the rest of the charge. The powdered
and thermo gravimetric analysis show these ceramics to be of single mixture is rich purple to brown in color and soft tn texture.
phase with melting points at approximately 1280 °C for x = 0.23
and 1220 °C for x = 0.34, respectively. The paper will present the Each of these charges (mixtires for the different members of
method of ceramic processing, the results of ferroelectric the PKN family) are placed in a separate clean alumina crucible and
characterization; and the DTA, TGA and X-ray diffraction analyses. heated to 300 OC in a resistively heated furnace at the rate of about
Efforts are now being made to synthesize large bulk single crystals 120 oC per hour. Soaking for half an hour at 300 oC allows
of these compositions to detemaine the anisotropic and optical decomposition of PbO2 to provide the required PbO and release of
properties for identifying their applications in electro-optics, sensor oxygen.
and transducing devices.

2PbO2 ----- > 2PbO + 02 (1)

Further heating and soaking at 900 oC for three hours decomposes

Ferroelectric tungsten-bronze (TB) oxides in general exhibit K2 C03 according to the equation:
ferroelasticity and are attractive for electrooptic and pyroelectric
devices [ 1]. Single crystals of PKN with x = 0.20 have been found K2CO ----- > K20 + CO2. (2)
to possess attractive physical properties which make it a very
desirable substrate material for surface acoustic wave (SAW) Also, PbO melts at 886 °C and diffuses into the charge mixture
devices [2,3]. Current materials for this application such as CL- which allows a chemically homogeneous compound of desired

quartz and lithium niobate are of marginal value because of their stoichiometry to be formed. Then the furnace is cooled to room

i'ntrinsic physical properties in the upper frequency limit of operation temperature. The resulting powder is pale yellow in color and the

[4]. The largest electromechanical coupling factors ever observed in texture is maintained.

a TB structure are those of Pb2KNb5Oj 5 crystals with ictS = 0.69 The formation of PKN charge is governed by the following

and 1C24 = 0.73 [5). However PKN, though satisfactory in chemical equation
performance over a much wider frequency bandwidth, has been
shown to contain innumerable cracks all across the bulk when (l-x)PbO + (x)K 20 + Nb2O5 - ---- > Pbj~xK 2xNb20 6. (3)
synthesized as single crystals [5,61. Thus there is a growing need
for materials which may exhibit superior properties of PKN with x Equations (1) and (2) show that there is an evolution of carbon
= 0.20 but can be grown as large single crystals without mechanical dioxide and oxygen during processing from the above mentioned
flaws, chemicals. By calculating the weight of gases evolved and

comparing with the weight loss measured in the samples after
Four new members of the PKN family have been processed cooling, the completion of reaction can be ascertained.

in the ceramic form from stoichiometric charges. The composition
of the charge has been altered progressively to include more of The first phase of increasing the material density is by cold
potassium into lead in the composition Pbl.xK2xNb2O6. The value pressing. Then the charge is compacted into pellets in a hydrostatic
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press by applying a pressure of 38OMPa for about 10 seconds by

means of a water-oil b",,. This removes voids and increases the
interface boundary. The pellets are a few millimeters thick and 1 4000

inch in diameter A high temperature sintering for 9 hours at 1100
OC causes an intimate mixture to be formed and enables further 3000
densification. The pellets were free of any cracks or mechanical er
defects. Small specimens, 5mm x 3mm x lttim, are cut, polished 2000
and electroded for various measurements to ascertain their
ferroelectric properties. 1000

CRARACUT2O=
0 - p . i . i

Thermal, ferroelectic and x-ray analyses were performed on 0 100 200 300 400 500

each of the ceramic samples obtained. Netzsch Inc. analyzer was Temperature (OC)

used to conduct the Differential Thermal Analysis (DTA) and
Thermogravimetric Analysis (TGA). DTA and TGA show the
compounds x = 0.23 and x = 0.34 to be congruent melting in Fig. 1 Relative Dielectric Constant (rl) vs. Temperature
nature. Melting point is seen to be around 1280 °C for x = 0.23 and of PKN, x = 0.23
1220 °C for x = 0.34. The other two samples with x = 0.43 and x
- 0.50 are not stable melts and are suspected to be incongruent.
Their melting points are found to be approximately 1180 oC and 3000
1120 °C, respectively. The TGA reveals hardly any weight change
in the compounds, ruling out any oxygen absorption by the material.

Ferroelectric characterization involved obtaining the dielectric 2000

constant (er) and conductivity (o) as a function of temperature.
Instrumentati,'n for these studies was developed in the laboratory. E
The primary technique was studying the capacitive behavior of the
samples. Electrodes were applied to two parallel faces of the 1000
pressed dense ceramic specimens using silver epoxy. It was found
that it diffuses into the material during the curing step at 150 oC
causing dielectric breakdown. Hence gold ink was applied on both
sides of the sample and fired at 700 oC for 10 minutes. Silver 0
epoxy is then used as an adhesive to bond the tin coated copper 0 100 200 300
wires as external leads on both sides of the sample. Thickness of Temperature ( OC)
the sample was typically I mm.

An integrated system was employed for measurement of Fig. 2 Relative Dielectric Constant (es) vs. Temperature
ferroelectric parameters. A resistive furnace with a sample holder of PKN, x = 0.34
arrangement was hooked to a controller that can be programmed for
heating, soaking and cooling cycles. A chromel-alumel
thermocouple was placed within 2 millimeters of the sample and
connected to the computer through a thermometer. Capacitance AC conductivity (o) measurements were carried out only on
across the sample was determined using an LCR meter, also samples with x = 0.23 and x = 0.34. Instrumentation was similat to
connected to the computer. Knowing the dimensions of the sample the dielectric constant measuring setup where the L(R meter had the
and the area of applied electrodes the dielectric constant was conductance display also In both the cases data are obtained using
determined. The instrumentation was activated through National
Instruments' LABVIEW data acquisition software that samples 1_0
temperature and electrical voltage values and stores as the two axes1.
readings. Fig. I and Fig. 2 show the dielectric constant plots. For
x = 0.23, the dielectric constant reached a peak valu: of 4570 at the 0.8
Curie point of Tc = 396 °C ± 2 °C. The room temperature value

was found to be 498 and there is a sharp rise in the curve above 350 0.6

OC. The decline in the graph above Tc is not as rapid. For x = 0.34
dielectric constant rose from 858 at room temperature till Tc = 242 0.4
oC ± 2 °C where the peak was found to be at 2914. The curve
dropped off symmetrically till the higher end of measurement range 0.2
at almost 300 oC. The change in the Curie point for the different
samples is in accordance with the molar ratio of the lead and 0.0
potassium contents. The transition temperature for the more 0 100 200 300 400 500
commonly known PKN with x = 0.20 is Tc = 469 oC ± 4 °C [51 Temperature (oC)
while lead niobate, PbNbO6, has a curie point of Tc = 570 OC (7].
Samples with x = 0.43 and x = 0.50 did not show any ferroelectric Fig. 3 Thermal behavior of ac conductivity of PKN, x = 0.23

behavior.
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Table I
Pertinent parameters for PKN members

PKN Lattice Constants (A) TC E o at 25 OC d
x a b c (0C) 25 °C Tc (,S/cm) (g/cc)

0.20 (single 17.723 17.987 3.895 469 ± 4 1500 12500 0.012 6.12
crystal 18,91)

0.23 17.792 18.096 3.867 396 ± 2 498 4570 0.0095 5.167
0.34 17.526 18.443 3.898 242 ± 2 858 2914 0.0096 5.6

a reference signal of frequency 1kHz. Conductivity curves are It can be seen that at room temperature the values of E. and o
shown in Fig. 3 and Fig. 4. The Curie points obtained from the ac
conductivity measurements are in full T v for the sample with x T 0.34 are higher than those of x = 0.23. This
found from the temperature dependence of the relative dielectric is due to the presence of a small peak around the room temperature.
constant.o(Ct) Efforts are underway for the synthesis of bulk single crystals

of x = 0.23 and x = 0.34. Further studies are needed to ascertain
0.30 their piezoelectric and optical properties to find out their potential

applicatons.
I•0.25
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Abstract 2Z 5 I

A phase transformation from pyrochlore to LiBZ

perovskite takes place during the firing • KN OT

of Pb(Zn ,/3Nb 2 /3)0 3 (PZN) based ceramics. Stabiliza- ', ST• 8Z.N

tion of the perovskite phase in PZN based ceramics is .L
closely related to the type of additive and its amount. A 5
thermodynamic model based on the chemical potential - 0

5 x 2.0of the system is proposed in this paper, which is able to + 0
0PSNPMgive account to the stabilization of the perovskite phase - . PSN PMN

in terms of the internal stress introduced by the Z PCN PIN P,
additives. -. PNN

Introduction PFw

Pb(Znl/3Nb 2/3)O3 (PZN) single crystals with the 1 -

perovskite structure can be grown from a PbO flux., It 0.94 0,96 098 1.00 .02 L04 106
is very difficult to prepare pure PZN ceramics with the TOLERANCE FACTOR (9)

perovskite structure by conventional ceramic Fig. I Plot of electronegativity difference vs tolerance
processing. The product obtained by a two step, factor for several perovskite compounds.
columbite route via PbO+ZnNb 2O6 , is a mixture of a
cubic pyrochlore phase, Pb2ZnNb 2O8 and PbO 2. In the present work, the phase transformation of
Perovskite PZN ceramics can be prepared by the addi- the PZN based system during synthesis is discussed on
tion of ABO3 perovskite compounds, such as the basis of thermodynamics.
BaTiO3 (BT), SrTiO3 (ST), PbTiO 3 (PT) etc.3'4'5 The
stabilization of the perovskite structure in PZN based Chemical potential and stress
ceramics is directly related to the type and amount of In thermodynamics, the definition of chemical po-
the additives. In PZN--BT system, a BT content of 6 to tential p is defined as
7 mol% stabilizes the perovskite structure, while in the P, = )
PZN-PT systcm, the perovskite phase is stabilized only On, 10i
when the PT content exceeds 25 mol%. The minimum which means the change rate of the total Gibbs free en-
amount of various perovskite compounds needed to ergy in the system at constant temperature and pressure
stabilize the perovskite structure in PZN by when an infinitesimal amount of the component i is ad-
conventional ceramic processing is given in Table I. ded to the system without changing the number of

Perovskite additives with strong ionic bonding and moles of the other components j. The difference in
a large tolerance factor are suggested by Halliyal et. chemical potential pi is the driving force for material i
a16 to be favorable to the stabilazation of the perovskite to change from one phase to another.
phase in PZN based ceramics, as shown in Figure 1. It is The chemical potential of component i is related to
clearly evident that BT, which is located at the top right many factors, including stress. Evaluating the partial
of Figure 1, is the most suitable additive for stabilizing derivative of/pi with respect to stess we find that
the perovskite phase in PZN based ceramics. However, (p ) = ._____8___2 G
from Figure 1, both Ba(Zn1 /3Nb 2/ 3)03 (BZN) and X T,.,,,, an ,.pA 1 , (i)
BaZrO3 (BZ) should be better to stabilize the Because thermodynamic functions are state functions,
perovskite phase in PZN than ST which is in the left the second order derivative does not depend on the or-
side of BZN and BZ. However, the experimental results der of differentiation, i.e.
are in contradiction. The performance of ST is inferior a 2 G 2 

2G
to that of BT, but superior to those of BZN and BZ. OXOn - nX
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Combining Maxwell's relation ( G x(where xA

is the strain), eqn (1) then yields,
_ 

2 G Ox( ) =-( ) = = - 2
OX Ona OX On,

where .- is the partial molar strain of component i un-

der constant temperature and pressure. In the range of

the elasticity of materials, i1 may follow Hook's law, K

S=s X (3)

where s8 is the elastic compliance of phase 6 before the B
concentration of component i charges, Xj expresses the
stress caused by the variation of the concentration of
component i in phase 6.

Substituting eqn (3) into eqn (2), and integrating
the chemical potential with respect to x at constant tem-
perature and pressure, generates

1 2k1 lo(,p,n)- • s2 4 ==

The chemical potential of the material in a phase de- °
pends on whether stress is introduced into the phase. At L
constant temperature and pressure, the stronger the 0 25 30 35 40 45 10 56 60 68

stress induced by component i entering into phase 6 , the 20( )

lower the chemical potential of component i in phase 6. Fig. 2 XRD patterns for 0.95PZN-0.05BT specimen
It means, that the component i will shift continuously calcined at 880 '(A) and fired at 1100 °C (B).
into phase 6 until the stress induced by component i in o - Perovskite, x - Pyrochlore.
phase 6 becomes zero.

a I

Phase equilibrium and_ thermodynamics in PZN based
ceramics The flow of material will stop automatically when

Numerous experimental results indicate that, either Tl

between PbO and ZnNb2O 6 or among PbO. ZnO and u, = Ij . Eqn. (4) indicates that the chemical potential

Nb2O5 , the perovskite phase cannot be formed by solid of material i in a phase is dependent on whether one in-
state reaction under general presure. 27 The process of troduces stress in the phase.
transformation from pyrochlore to perovskite takes The sintering process of PZN-BT ceramic can be
place during sintering of PZN based ceramics. Figure 2 analyzed using this model. During initial process of
shows the X-ray diffraction patterns of sintering, there are introduction of Pb2+. Zn2+,
0.95PZN-0.05BT calcined at 880 TC (A) and fired at Nb5+ and O2-into BT sub-grain. As A-site ions in
1100 TC (B). The relative fraction of the perovskite perovskite, the radius of Pb 2+ (1.63A) is smaller than
phase of calcined 0.95PZN---0.05BT is only about 5%, that of Ba2+ (1.74A). That Pb2+ relocates at A-site
while the relative fraction of the perovskite phase of of BaTiO 3 lattice may make the lattices contract and
fired 0.95PZN-0.05BT is 85%. From the evidence it is distort, thus causing stress in BaTiO 3 lattice. According

suggested: to eqn. (4), in BT perovskite phase, Pb2+ will have low-
During the solid state reaction, additives to stabi- er chemical potential, so there are constantly net Pb 2+

lize the perovskite phase in PZN based ceramics should ions relocating on BT sub-grains. There exist vacancies
initiate formation of perovskite sub-grains. These in BT sub-grains, especially at the surface. The ion den-
perovskite sub-grains are surrounded by a number of sity difference and the stress caused by lattice distortion
pyrochlore and PbO particles. The perovskite may make Ba2+ diffuse outward, and Pb 2

' diffuse in-
sub-grains grow constantly with time, while the ward. Similarly, as B-site ion in perovskite, the radius
pyrochlore and PbO particles become continuously of Zn 2+ (0.89A) is larger than that of Ti4+ (0.75A), so
smaller, and eventually disappear. the relocation of Zn2+at sub-grain BT may distort lat-

At constant temperature and pressure, the tendency tice and introduce intrinsic stress too. Thus Zn2+ will
for material i to shift spontanously from phase Pi to constantly relocate at B-site on the surface of BT grain
phase 6 depends on material i having a lower chemical according to equ. (4). As the B-site ion, the
potential in phase 6 than in phase f, i.e. electrovalence of Zn2+ is low. In order to maintain
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electro-neutrality, there are net Nb5" ions relocate at B B-site ions. If PbTO13 is selected as an additive, accord-
site of s sub-grains. Diffusion will occur among ing to the assumption mentioned above, the expansion
Zn2÷, Nb" and Ti4+. When no distortion of lattice can of the perovskite phase in PZN based ceramics during
be caused by transitions of Pb 2  and Zn 2+ in the sintering process will depend on the diffusion of
terovskite phase, the chemical potentials of Pb 2  and B-site ions only. Since the diffusion of B-site ions is
Zn 2  in perovskite and pyrochlore tend to equilibrium, relatively difficult, the growth of perovskite grains is re-
There are not any net Pb2 +, Zn2+ entering perovskite stricted, and more PT is needed to stabilize the
phase. Thermodynamical equilibrium is achieved be- perovskite phase in PZN based ceramics.
tween perovskite and pyrochlore. If a complete layer of
Pb(Znl / 3Nb 2/3)03 extends from the perovskite Summery
sub-grain, the growth of the perovskite grain due to the The additives that stabilize the perovskite phase in
disappearence of the pyrochlore phase will cease. The PZN based ceramics are those materials which can initi-
inference accords with the experiments. The stabiliza- ate formation of perovskite sub-grains. The radius ratio
tion of the perovskite phase in PZN based ceramics is (rA / r,,b2. ) is an important criterion for stabilization
closely related to the additive content and type. of the perovskite phase in PZN based ceramics. The

Thus, in PZN based ceramics, the effect of larger the deviation of r A / re÷ form 1, the better
additives stabili~zng perovskite phase is closely related2+ 2+the stabilizing effect of the additive.
to the radius ratios of Pb 2+, Zn2 + and Nb 5+ at
A-sites . B-sites respectively. The more that References
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DIELECTRIC PROPERTIES OF BISMUTH LAYER TYPE CERAMICS

WITH LANTHANUM AND NICKEL CO-SUBSTITUTIONS

Huang Biao, Wang Xiaoli and Yao Xi
Electronic Materials Research Laboratory

Xian Jiaotong University, Xian, China, 710049

Abstract: Dielectric properties of bismuth range 0.81-0.93A (n=2), which are the limits of t for
layer type ceramics with lanthanum and nickel co- the perovskite-like units of bismuth compounds with
substitutions Bi2 (Pb i-xLax)(Nb 2 x/3 Nix/ 3 )O9  are layer type structure 2. The vacancies are avoided in
presented. Above the Curie temperature, the the lattice sites toa inprov,. the sa.,ý.!.re btability
dielectric constant decreases at a rate that can of bismuth layer type ceramic. Structures and
approximately be described by the quadratic law of dielectric properties of the new ceramics were
Smolensky showing relaxor behavior. At room studied.
temperature, the dielectric constant and loss tangent
of the new materials are all higher than those of the 2.Preparation and Microstructure
parent BPN. High resistivity and break-down strength
make these materials very attractive for applications The value of x in Bi 2(Pb IxLax)
such as a high voltage ceramic capacitor dielectric. (Nb2_x/ 3 Nix/3)O9 was chosen as 0, 0.25, 0.5, 0.75,

1.0, and five compositions were selected for the
l.Introduction present study (listed in Table 1). Samples were

prepared by a solid state reaction, using the chemical
The ferroelectric compound Bi 2PbNb 2 O9  is reagents PbO, La 20 3 , Nb2 0 5 , NiO and Bi 20 3 as starting

a member of a family of bismuth layer type materials. They were calcined at 725 0 C for 2 hours,
compounds, the general formula of which is then sintered in a covered alumina crucible between
(Bi202)2 +(An-lBnO3n+l)2 -, where A can be mono-, di-, 10600 C and 1120 0C for 1 hour.
or trivalent ions or a mixture of them, B represents SEM pictures of the materials (Fig. I) show
Ti 4 +, Nb5+, Ta5+, etc., and n (=2,3,4,5) is the number that the grains are flakes with an average diameter
of perovskite-like layers of oxygen octahedra between about 2 tim and a thickness 0.9 4im. The phase of the
Bi2 0 2 layers 1. sintered products was identified by X-ray diffraction

In the parent Bi 2 PbNb 2O9 (BPN, n=2), Pb2 + powder techniques using Cu Ka radiation. The XRD
and Nb5+ can be co-substituted by La 3 + and patterns show that the lanthanum and nickel
Ni 2 + resulting in a kind of layer type ceramic, substituting materials have the same structure as the
Bi2 (PblixLax)(Nb 2 .x/ 3 Nix/ 3 )0 9 (0<x<l). The tolerance parent BPN ceramics. The ceramic disks used for
factors t of the substituted materials are lie in the dielectric measurement had over 95 per cent

Table 1. Dielectric constant of Bi2 (Pbj_,La_)(Nbg_,_/Ni,_/a)Oo

Abbrev. Composition x k(250 C) tg 6 Tc(-C) A T"m(tC)-

BPN Bi2 PbNb2 OQ 0 140 0.008 652 -

BPLNN(O.25) Bi 2(Pbo .. aJao.a,) 0.25 215 0.035 465 -
(Nb•..9Nio.o9)O9

BPLNN(0.5) Bi,(Pboe.Lao5 .) 0.5 205 0.028 322 16
(Nth..8Ni0o.7-)O9

BPLNN(0.75) Big(Pbo.usLao.-,5 ) 0.75 185 0.027 155 12
(Nbt.., ,Nie.0 z)O

BLNN Bi2 La(Nb1 ..- Ni1..a)0O 1 165 0.020 - 12

* A Tm=Tm(100KHz)-Tm(2KHz).
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theoretical density. 2.12 to 2.74. The temperature difference between the

T. measured at 2KHz and 100KHz reaches 120 C-16 0 C

I B(listed in Table 1) and gives an estimation of the
diffused characteristic of transition.

With increasing x, the Curie temperature of
Bi2 (Pb i xLax)(Nb 2 -,/ 3 Nix/ 3 )09 decreases and the
dielectric constant peak broadens. Therefore, at room
temperature, the dielectric constant and loss tangent

of the substituted materials are all higher than those
of the parent BPN, as listed in T.,.,; 1. Because of

the internal stress and composition fluctuation 3,
broadened peaks were evident in the temperature
variation of the dielectric constants of BPLNN(0.75)

Fig. l:SEM picture of Bi 2 (Pb 0 .75L-a0 .2(Nb 1.92 Ni0 .08 )0 9  and BLNN samples, which show that a low temperature

diffused phase transition (DPT) was presented (Fig.2).

3. Dielectric properties

Hysteresis
Dielectric constant and loss

Using a resistance-compensation Sawyer-Tower
Strong frequency dispersion was observed in circuit, a hysteresis loop was observed in BPLNN(0.25)

the temperature dependences of the dielectric constant between 100°C and 180 0 C (Fig.3). The coercive force

and loss tangent of these samples (Fig.2). At Ec of BPLNN (0.25) decreases significantly from 9 Mv/m

temperatures higher than Tc, the inverse dielectric of the parent BPN to 7.5 Mv/m at 160 0 C. The maximum

constant I/k obeys quadratic law of Smolensky 3 : polarization was approximately 0.098c/m 2 and the

I/k=]/kc+B(T-Tc)n. The values of n lie in the range estimated spontaneous polarization was about 0.085
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Fig.2: Temperature dependences of dielectric constant and loss tangent

of Bi 2 (Pbl xLax)(Nb2-x/3Nix/3)O 9  ceramics

c/m 2. With increasing x, the ferroelectric behaviors Resistivity and break-down strength
of the substituted bismuth layer type materials become
more and more weak, and hysteresis loops were The resistivities of all the bismuth layer
difficult to detect in BPLNN(O.5), BPLNN(O.75) and type materials are in the range of 101 1-101 2 ohm.m,
BLNN samples. which are higher than that of the parent BPN. The

valence compensated co-substitution of the La 3 + and

Ni 2 + for the Pb 2 + and Nb5+ are thought to be
p responsible for the improvement of the resistivity.

Because of the dense packing of small flaky-
like grains of the materials, the break-down strength
of all the samples under DC voltage is very high
(higher than 30 Mv/m), which is very attractive for
applications such as high voltage ceramic capacitor
dielectrics.

(1) The lead and niobium ions in the bismuth
layer type parent material Bi 2 PbNb 2O 9 can be partially
and completely co-substituted by lanthanum and nickel

Fig.3: Hysteresis loop of BPLNN(O.25) ceramic at 160 0C ions within the layer structure.
(x: 8.25 Mv/m/div, y:0.061c/m 2/div) (2) The Curie temperature and coercive force
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of the substituted materials are all lowered due to
the substitution. The substituted materials are
ferroelectric relaxors.

(3) The dielectric constant and resistivity of
the co-substituted materials at room temperature are
all higher than the parent material. The break-down
strength of the materials is high, making these
materials very promising for capacitor dielectrics.
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PREPARATION AND PHASE TRANSITION OF NANOPHASE FERROELECTRIC
PbTiO 3 FINE POWDERS

LU Shengguo, ZHANG Liangying and YAO Xi

Electronic Materials Research Laboratory (EMRL)
Xi'an Jiaotong University, Xi'an, 710049
China

ABSTRACT ) by K. Ishikawa et al. using high temperature laser
Raman spectrum 13, which was accounted for the

Nanophase ferroelectric PbTiO 3 (PT) fine powders are depolarization effect, as Betra et al. did in thin
prepared through sol-gel and hydrolysis-aging films.17- 18

processes. The lattice constants and grain size are Table 1, Grain sizes of fine ferroelectric powders
determined by XRD analysis. The phase transition is
examined by DSC analysis with different heating Material Grain size preparaticn measurement Ref.

rates. The relation of onset temperature to grain minimum methoj

size is obtained. Results indicate that the grain- ------------------------------- - -

size is in the range of 10-100 am, the phase PbTi0 3  12run coprecipitat. .: XRD 12
transition temperature is lower than that of bulk PbTiO3  22nm precipitation XRD 13
material, and the transition region is broadened. The BaTiO3  36nm milling light beatingl4
small grain size and surface electric charge PZT 8.7nm precipitation XRD 15
compensation are accounted for the reduction of phase PLZT 16rin coprecipitation / 16

transition temperature, and the former may dominate.
The distribution of particle size may be responsible It seems that the phase transition of nanosized fine
for the broadening of the phase transition. The phase powders is still unclear in the following aspects:
transition of PT fine powders is compared with the characteristics of phase transition, relation between
diffused phase transition (DPT) in relaxor the phase transition and the powder size
ferroelectrics. The nm structure, nm transition and distribution, and effect of nanosized crystalline
critical size of fine powders are discussed. structure.

1. INTRODUCTION In this paper, the sol-gel and hydrolysis-aging
processes are used to prepare PbTiO3 fine powders

Recently, studies on fine particles, especially the with nanosized grains. The phase transition of
nanometer (nm) particles, are very active. The different grain sizes are investigated by DSC
nanosized metals, oxides, carbonides, nitrides, analysis with different heating rates. The relation
compound semiconductors, etc., have been success- of specific heat vs. temperature is observed. The
fully prepared by various methods. Investigations on crystalline lattice constants and grain size are
their electric, thermal, tpical, and mechanical determined by XRD patterns. The nm structure, nm
properties have been reported. 1° phase transition, and critical size of nm

ferroelectric particles are discussed.
Because of the multi-elements of chemical composition
and high crystallization temperatures, it is very 2. EXPERIMENTAL
difficult to prepare nanosized ferroelectric
particles through conventional ceramic method. Two steps were used to prepare the nanophase

ferroelectric PbTiO 3 fine powders. First, preparation
However, the studies of ferroelectric nanophase in of Pb, Ti complex alkoxide; Second, Pb, Ti complex
bulk materials may be traced to the early fifties, alkoxide hydrolyzed in a basic solution, and fired at
when Kanzig observed the nanosized polar region at a temperature of about 600 °C.
temperature slightly higher than the Curie
temperature. The polar region now is called Kanzig The method using lead acetate and titanium butoxide 19
region, which has a size of 10-100 nm 5 . Later on, the is used to prepare the Pb, Ti complex alkoxide. Lead
researches on diffused phase transition 6-9, micro- acetate [ Pb(CH 3COO) 2 -3H 2 0 I is dissolved in
macro domain transition - all adapted to this ethyleneglycol monoethyl ether [ C 2 H 5 OC 2 H4OH ],
concept. heated to 125 °C to remove water, then cooled to 100

"°C. Titanium butoxide [ Ti(OC 4 H 9 ) 4 I then added at
The grain sizes of several ferroelectric powders are this stage. A gold colored Pb, Ti complex alkoxide is
listed in Table 1, where the grain sizes are in the obtained after the solution is reheated to a
range of Kanzig region except for the PZT powders. temperature of 135 °C or so.

The phase transition temperature of PbTiO 3 fine The Pb, Ti complex alkoxide is diluted in ethanol
powders has been observed shifting to a lower alcohol [ C 2 H5 OH ] (or iso-propyl alcohol
temperature compared to bulk materials ( Tc = 490 °C (CH 3 ) 2 'CHOH ],) and dropped into a basic solution

CH3080-(-7803-0465-9/92$3.(X) ©IEEE 385



(ph=11.5) mixed with water and ethanol alcohol. The
ratio of water to alkoxide is about 4-6 : 1. After
stirred for 5-10 hours at room temperature, where D is the grain size in diameter, k the
hydrolyzed solution is kept in a glass tube, and aged Scherrer's constant( k=0.9 for FWHM), X the X-ray
for 20-30 hours at 60-80 °C. The gel like material wavelergs o k the FWHM o. the
then dried, crushed, sieved, and fired at 600 'C for wavelength , a the FWHM of a diffraction peak, 0 the
5 minutes to 2 hours. The powders obtained is light- diffracin anle The grain sained areyellow in color, listed in Table 2. The Cauchy-Cauchy, Gaussian-

Gaussian, and Cauahy-Gaussian methods are used to

XRD was analyzed by RIGAKU D/MAX-RB, calibrated with evaluate the distortion of crystalline structure, the

polycrystalline silicon powders. Particle size results is shown in Table 3.

distribution was taken by HORIBA CAPA-700. Thermal Table 2 The grain sizes of a few peaks of

analysis was completed with a PERKIN-ELMER DSC-7. PT powders

3.RESULTS AND DISCUSSION No. h k 1 D(H,G)(nm) D(11,C) (r-n) k

LL. Panicle size distribution 1 1 0 1 41.7 38.4 0.9

2 1 1 1 51.2 45.2 0.9
Particle size distribution of PbTiO 3 powders was 3 2 0 0 44.7 40.8 0.9

taken from CAPA-700, with a rotating rate of 3000 4 2 0 2 28.1 27.6 0.9
rpm, the bulk density of PbTiO 3 7.90 g/cm 3 was used 3 2 37.2 35.5 0.9

as the density of powders. The distribution of 6 3 1 2 33.8 50.4 0.9

particle sizes is shown in Fig.1. The median size is
300 nm, with a std. dev. of 180nm.

20 Table 3 The distortion of crystalline
structure of PT powders

Method Grain size lattice

(tnm) distortion

Cauchy-Cauchy 66.1 (Gaussian) 0.09%

L36.9 (Cauchy) -0.00%

- II Gaussian-Gaussian 46.3(Gaussian) 0.13%S35.7(Cauchy) -0.03%
o0° 0 00O•m 0•o0oom�� - • 0 Cauchy-Gaussian 48.1(Gaussian) 0.10%

, 0,0 00ooooooooooooo0ooo0oooo 39.4(Cauchy) 0.07%
D (micron)

Fig. I Particle size distribution (in volume) of Then the least square method is used to calculate the
PbTiO 3 powders. lattice constants. The results are a=b=3.093 A,c=4.142 A, with a standard derivations of 0.001 and

(.Particle size. grain se latticn s 0.003 respectively. The c/a ratio is 1.061, which is
smaller than that of bulk material (a=b=3.899,

To obtain the lattice constant, polycrystalline c=4.1532c/a=1.0652).
20

silicon powders are used to correct the diffraction
peaks. The calibrated peaks of polycrystalline From the XRD results we can conclude that the latticepeaks.n Thedcalibrated peaks(of0plycrysta(5in), distortion of PbTiO 3 fine powders is very small, the
silicon powders are (111), (220), (400), (511),

(531), (533). A calibration formula of the full width crystalline structure of nanosized fine powders seems

of half maximum (FWHM) is still perfect.

(2 0 )r= 0.11203 - 8.01462 x 10-4 (20 )m + 01), DSC

1.18958x10-5(20)m2 (1) The DSC analysis of PT powders with various grain

where size is performed for the above sample with different

(20)r ---real 20 value, heating rates. The results are shown in Fig.2 and

(20 )m ---measured 20 value. Fig.3. A relation between the onset temperature and
grain size D is demonstrated in Fig.4.

After slowly scanning several selected peaks of The apparent activation energy of phase transition E
(101), (111), (200), (202), (311), and (312) of obtained from the Arrhenius dependence 21

PbTiO 3 powders, separating the kcl, k% 2 peaks,
correcting these peaks with calibrated formula, and kh = v exp (-E/(RT peak)) (4)
according to the Scherrer's formula

is about 308.6kJ/mol. Here kh is the heating rate.
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_ - 496.066 crystallization.

t493.694 ~ ALThe nm structur~ f Pb"TiO_1 fine 2owders

:9 3.75 4 Considering the calculated value of peak (I 11) 51.2
:3490.045 nm (Table 2). and the median particle size of 300 nm

0 (Fig. 1), it seems that a particle may consist of
about 2-9 grains. The grains may agglomerate to a
powder, and there are lots of surfaces exposed to the•~~ - \ Clmin.-

, 20 °Cimin surrounding. It is obvious that the agglomerate
1.25 0 '/."W structure is difficult to be dispersed. Sometimes

electronic beam can disperse the agglomerate into
.._ C/min cr, stallites during the TEM observation.

0 '" --- , ' ]

450 470 490 510 530 550 -P- h"- transition Q.f fin powders with nanosized
Temperature ( C) ran

Fig.2 DSC curves with different heating
rates. The endothermal peaks of DSC curve suggests that

there is a latent heat involved, which means that the
.8 a. specific heat of PbTiO3  phase transition is of first-order. However, because

b. cumulative area the specific heat vs. temperature showes a gradual
change (Fig.3), it seems that there is the

/6 / - characteristic of second-order phase transition. It
-*•.e;- / might suggest that the phase transition ;s diffused

.7 f here.

,._"(a). Decrease of the Curie temperature Tc

/i Because the grain size is in the range of Kanzig•.2/ . / a2 region (10-100 nm), and c/a ratio is smaller than the
o/ average J/G*GEG: .3852 value of bulk material, the polarization value may be

/ k factor = 1 less than that of a bulk crystal, as occurred in the
0. / diffused relaxor ferroelectrics. This phenomenon has
440 480 520 560 been observed in PT, PLT, PLZT and other thin

Temperature (°C) films, 2 2 -2 4 (PT: Ps=10.59 uC/cm 2 , , m = 115; PLT:

Fig.3 Specific heat of PT fine powders. Ps= 11.4 uC/cm 2, t m = 115; PLZT: P.= 14.7 uC/cm 2

tim=450), where the grain sizes are also in the range
500 of Kanzig region. But for PT single crystal, Ps=75

uC/cm2, £im=200; PLZT ceramic. Ps=22 uC/cm2,

t m=13,000. Betra et al. accounted for this result by
> means of the depolarization fi,id'7"18 compensating
o the polarization to the electrodes. Although free

V electric charges may exist on the surfaces of the
,) grains, the small grains with smaller polarization
C' 475
Svector may dominate the lowering of the Curie
o 0 temperature. For a smaller polarization vector, the

elastic Gibbs free energy G25

"4 G =GO + 1/2 aP 2 + 1/4 bP 4 + 1/6cP6 (5)

: 450 ' 'where Go---free energy of paraelectric phase
o 0 40 80 a, b, c---constants

crystallite size of PT powders (nm) will be small, and can be easily overwhelmed by the

Fig.4 Relation of onset temper, ire vs. grain thermal energy of phonons. So at temperatures lower
size. than the Curie temperature Tc of the bulk materials,

the ferroelectricity will partially disappear, and
Tpeak is the peak temperature, v the frequency part of ferroelectric crystallites will be changed
factor. The transformation heat is about 0.92 kJ/mol. into paraelectric ones.
For the crystallization process of PZT powders, heat
transformation is 4.6 kJ/mol, E is 309.6 kJ/mol. 21 it On the other hand, the absorbed surface electric
seems that the transformation heat of phase charges could compensate the polarization, if a grain
transition is much smaller than that of is a crystallite. Assuming the surface charge density
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is ns, the effective polarization intensity could be 1. H. Gleiter, Mater. Sci. Eng., 52(1982)91.
written as 2. "Fine particles", Proceeding of seminar onsolid

state physics and metal physics (in Japanese), Agre
Peff = P - 2en (6) Technology Center, (1984).

3. "Special issue on nonlinear optics", Solid State
The compensation will further lead to the reduction Physics (in Japanese), 24(11)(1989).
of polarization and the free energy of ferroelectric 4. R. W. Siegel et al. MRS Bull., 15(1990)60.
phase. The phase transition temperature will be 5. W Kanzig, Helv. Phys. Acta, 24(1951)175.
reduced as 2 5  6. G. A. Smolensky, J. Phys. Soc. Jpn., 28, suppl.,

(1970)26.
AT = 21C/(cD) (7) 7. V. A. Isupov, Ferwoelectncsý 90(1989)113.

8. N. Setter and L. E. Cross, J. Mat. Sci., 15
where [---thickness of surface layer (1980)2478.

C---Curie-Weiss constant 9. Lu Shengguo, Chen Zhixiong, Ferroelectrics, 110
e ---relative dielectric constant (1990)57.
D---grain size 10. Yao Xi, Chen Zhili and L. E. Cross, J. Appl.

Then, we can obtain that the reduction of phase Phys., 54(1983)3399.
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(b). Broadening of the phase transition 12. M. H. Lee, A. Halliyai and R. E. Newnham,J. Am.

Ceram. Soc., 72(1989)986.
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ANIORPHIIZATION OF BULK AND THIN FILM PLZT MAIERIALS B 1.5 NIeV KR'IP'ION
ION IRRADIATION %41TIf in situ TEM OBSERVATION

L. NI. Wang and A. Y. Wub

aDepartment of Geology and bCenter for High Technology MaterLls
University of New Mexico, Albuquerque, NM 87131

PL.ZT Ilanthanum modified lead zirconate-titanate) materials for high performance electrical anJ
optical non-volatile memory device may encounter high-level irradiation environment either during
iron-beam assisted device fabrication process or in service. It is especially important to undeistand the
critical irradiation conditions under which PLZT material become amorphous, because this will result
in the loss of ferroelectricity in the material and the memory in the de, ice
In this study, transmission electron microscopy (TEM) samples prepared from bu,', bulk and thin film
P1 ZT materials have been irradiated with 1.5 MeV krspton ions at various teinpe..:tures in the
IIVEM-Tandem Facility at Argonne National Laboratory. /i situ TENI observation was performed
during irradiation, which made the determination of the critical amorphization dose possible At
room temperature, a PLZT 9/65/35 ceramic sample was found to become completels amorphized after
a dose of -2xI01 4 ions/cm2 , much less than the critical amorphization dose for silicon. The sputter-
deposited, fine-grained P[.ZT thin film took even smaller dose to become amorphous Iloweser, at
4-O"C, the upper temperature limit for the material to retain its desirable ph sical properties, the
PLZT 9,65/35 was not amorphized even after a dose of l.lxl0's ions/cm 2 . The results will be
discussed with a recent model for ion-beam induced amorphization of ceramic materials.

Introduction

Ferroelectric PLZT [(Pb,La)(Zr,Ti)Os or lanthanum modified lead packing of oxygen ions and A-site cations (Pb and La). B- ite
zirconate-titanavel in bulk or thin film form can be used for cations (Zr and Ti) occupy one-fourth of the octahedral inter_,'ces
Narious de'.ice applications including non-%olatile memories [I1, in the close-packed array, filling only those octahedral sites nlt
piezoelectric transducers, pyroelectric sensors, spatial light adjacent to A-sites. A-sites are coordinated by twelve oxygens,
modulators [21, and optical image storage [3]. In order for PLZT B-sites are coordinated by six ox-gens. Each oxygen is in contact
materials to have these useful properties, the material must possess with the adjacent four A-type and two B-type cations.
thle correct chemical composition and crystal s',,icture. For
example, PLZT films deposited below certain substrate TEM samples were prepared from hot pressed PLZT 9/60/35
temperatures by sputtering or solution coating methods frequently wafer. The density of the sample is 7.81 g/cm3 and the average
are either amorphous or with the pyrochlore structure. These grain size is about 8 tpm. After Ar ion milling perforation for
films do not exhibit t'.e Pockels or Kerr .'ffect and are not useful preparing several TEM thin foils, we were able to select single
'or electrooptic applications. On the otner hand, radiation damage crystals Jf the [1111] orientation inside individual crystal grain for
caused by ion implantation in PLZT material may greatly enhance TEM study because TENI bparn size is smaller than the grain size.
the photosensitivity of the photo-ferroelectric effect [3]. Such Several PLZT fine-grained, thin films samples ot the composition
observations suggest that variations in ferroelectric property of 7/0/100 and about 1000 A thick have also been prepared. These
PLZT may be caused by variations in composition, crystal films were deposited cn Si(IlI) substrate by rf magnetron
structure, dopant level and defect structure. Land and Peerc, [31 sputtering at 400oC. The PLZT t&'n film samples for TEM study
have noted that a damaged thin layer of a few hundred were obtained by dissolving Si away using a warm KOH,'water
nanometers beneath tb,- surface of bulk PLZT may be createi by solution. A typical TEM micrograph of the grain structure of the
ion implantation usirg ion beams cf the energy 200 to 500 KeV. thin film sample is shown in Figure 1.
Depending on the io i beam energy, this thin layer may not have
tile pcyrvskite structure and thus not be clectrooptic. Hlowever, As mentioned above, TEM sample foils from bulk ceramic wafer
this thin layer apparently can enhance the photosensitivity of the were prepared by Ar ion milling to perforation. TENI
optical storage capability of the bulk device. Still, there has been examination after ion milling did not reveat any "amorphous halo"
little detailed study of the structure of the ion beam damaged in the electron diffraction p .-t. for the bulk ceramic sample.
laier in PLZT. Raliation damage in PLZT is important because Samples were irradiated with 1.5 MeV Kr+ ions in the HVEM-
PLZT materials are frequently ion-milled to form structures for
electrooptic applications [4] and PLZT films are known to be
deposited by ion beam assisted deposition techniques. Also PLZT
devices may encounter h:gh-level irradiation environments, such
as in ionosphere ind Van Allen radiation belts or in a nuclear
reactor or a high energy particle accerlerator so that the material
mtay be amorphized and lose its ferroelectric properties. In this
study, wke have used an vit-xtu transmission electron microscopy
(TEM) during 1.5 MeV Kr ion irradiations to investigate
radiation-induced amorphization of PLZT single crystal samples
prepared from bulk ceramic material, highly-oriented PLZT thin
film samples, and polycrystalline PLZT thin film samples, in the
temperature range between 25-4501C. The results for the room
temperature irradiation are compared with that obtained from
pure silicon of the (110) orientation under the same irradiation
condition and the data can be extrapolated to predict the critical
,morphization dose required under other irradiation conditions. l00nm
Experimental

PLZT materials normally have the slightly distorted perovskite
structure which is common among ABO0 compounds. The Figure 1. TEM micrograph of PLZT 7/0/' ou thin film.
structure, to the first approximation, consists of cubic closet
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Tandem Facility at the Argonne National Laboratory [6] at a dose stopping power of the target materials for the ions is an important
rate of 3.6xl011 ions/cma. The facility links a modified parameter in determining the effectiveness of a certain ion dose in
KratosiAEI EM7 high-voltage electron microscope (HVEM) with damaging the target. Therefore, it is better to compare the total
a 2 MV tandem ion accelerator, so that i-si-u TEM obs,,rvations energy loss due to nuclear collision events in the samples which
can be made during the ion irradiations. The ion beant enters the became amorphous, rather than to compare the critical
microscope column at an angle of 300, and the sample on a amorphization doses directly. The energ, loss doe to nuclear
double-tilt heating stage was tilted 25-27o toward the ion beam collisions can be estimated by a Monte Carlo simulation using the
during the experiment. A defocused 300 keV elcctron beam was TRIM code [7], although TRIM does not explicitly provide output
used for the in situ observation in several selected area of the for this result [8]. Based on the TRIM results, the energy loss per
electron diffraction mode. The experimental arrangement is unit length due to nuclear interactions by 1.5 MeV Kr ions is
shown schematically in Figure 2. Ion irradiations were performed calculated to be 1.03 keV/nm/ion in the PLZT material and 0.35
at 25, 200, 325 and 4000C. The sample temperature was keV/nm/ion in silicon (using data from the depth of 150 nm for
continuously monitored, and its increase due to beam heating was the average of the first 300 nm thickness). In other works, the

less than 50 0C. A pure silicon sample of the (110) orientation was PLZT material has a higher nuclear stopping power for the ions

also irradiated with 1.5 MeV Kr ions at room temperature for than silicon, so fcr a specific ion dose, more energy is tranfered
comparison. Because of their high energy, most of the Kr ions through nuclear collision within the PLZT sample, thus causing
completely penetrate through the electron transparent thickness more severe rediation damage. This is expected because PLZT has
(<300nm) of the sample, and the Kr concentration introduced in a much higher density (7.8 g/cm3 ) than silicon (2.33gicmS).
the sample region of study is negligible for all the doses used in However, at the critical amorphization dose, the estimated total
our experiments, energy loss due to nuclear collisions in silicon is 3.5 keV/nms, and

in PLZT 9/65/35, only 2 keV/nm3 . Thus, the higher nuclear
stopping power can not completely account for the loer critical

amorphization dose in the PLZT. One of the other important
parameters affecting damage efficiency is the displacement
threshold energy, Ed. Unfortunately, no data are available at
present for PLZT. Assuming Ed equals 15 ev for both silicon and
PLZT, the displacement damage levels at the critical
amorphization dose are 1.8 and 0.7 displacements per atom (dna)
for silicon and PLZT, respectively. Previous studies on many
complex ceramic materials suggest that the critical amorphization

Pre-thinned TEM Sample dose decreases with increasing chemical and structure complexity
on a Heating Stage and decreasing average bond ionicity [9]. The relatively complex

1.,5 IleV Kr Ions crystal structure of PLZT must also be a factor which makes it
more sensitive to radiation-induced amorphization.

The results obtained from 1.5 Mev Kr irradiation can be
extrapolated based on TRIM simulations to predict the critical
amorphization dose required under other irradiation condition.
For example, assuming nuclear collision events (energy loss due to
nuclear collision) are mainly responsible for the radiation-induced

300 keY amorphization [9], it can be predicted that a thin amorphous layer

Electron Beam centered at a depth of 200 nm forms under 500 keV Ar ion
irradiation after a dose of 3.5xl0' 4 ions/cm2 . Land and Peercy [31
have observed a three orders of magnitude increase in
photosensitivity in 500 keV Ar irradiated PLZT 9/65/35 (5xl014
ions/cm2) and have attributed the effect to decreased dark
conductivity and dielectric constant in a near surface damaged

Figure 2. In-Situ TEM/ion irradiation experimental arrangement layer less than I Am thick without specifying the damaged
with the HVEM-Tandem Facility at the Argonne National structure. According to our estimate, an amorphous layer
Laboratory. approximately 100 nm thick has been created at that dose.

The critical amorphization dose for the PLZT material increased
with increasing irradiation temperature as is shown in Figure 5.

Results and Discussion This behavior is common for other materials [10,11] due to the
competition between damage production and thermally activated

At room temperature, the electron transparent region of the silicon recovery. At 4500 C, no evidence of amorphization was observed
sample was completely amorphized with 1.5 MeV Kr ions above a dose of I.IxlOIs ions/cm 2 indicating an equilibrium
irradiation after a critical dose of Ixl0i5 ions/cm2 . The between the two competing processes has probably been attained.
progressive amorphization process was evidenced by the changes The reason why sputter-deposited PLZT has a much lower dose
in the electron diffraction pattern as is shown in Figure 3. At for amorphization must be attributed to its lower density and
first, a diffuse halo, whcih is the characteristic of an amorphous higher porosity and more defective structures in comparison with
material, appeared and its intensity increased with increasing ion that in the hot-pressed ceramic bulk material.
dose. Concurrently, the diffraction maxima intensity decreased
until the diffraction maxima completely vanished at the critical Conclusions
amorphization dose. For PLZT 9/65/35, this process proceeded
much more rapidly at room temperature. As shown in Figure 4, a At room temperature, PLZT 9/65/35 single crystal samples
diffuse halo was observed at doses as low as 5.1xO10 3 ions/cm2 , prepared from bulk ceramic wafer were amorphized under a 1.5
and amorphization was completed after only 1.9xl014 ions/cm 2, a MeV krypton ion irradiation with a dose of only l.9x10"'
dose less than one fifth of that required for the complete ions/cm2 , less than one fifth of the critical amorphization dose for
amorphization of silicon. For the sputter-depositcd PLZT films, silicon (IxlIO5 ions/cm 2), and the sputter deposited PLZT film
we found that the amorphization was completed after only took even smaller dose to become amorphous. The critical
3.4x10' 3 ions/cm 2 , about one fifth of that required for hot- amorphization dose for the PLZT material increased with
pressed PLZT ceramic bulk samples. increasing irradiation temperature. At 4500 C, amorphization was

not observed above a dose of I.lxl0'5 ions/cm 2 . PLZT is
Because of the large differences in chemical composition and sensitive to ion irradiation induced amorphization because of its
density between silicon and PLZT, and also because most ions high nuclear stopping power and complex crystal structure.
penetrate through the thickness of the sample examined, the
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THE TEMPERATURE DEPENDENCE OF SOUND VELOCITIES, ELASTIC CONSTANTS
AND ACOUSTIC ATTENUATION OF LEAD LANTHANUM ZIRCONATE TITANATE

(Pb,La)(Zr,TI)O3

A. Y. Wu,a G. Nicolaidesb and D. M. Hwangc

Department of Physics
University of Illinois at Chicago

Chicago, Illinois 60680

aNow at the Center for High Technology Materials, University of New Mexico, Albuquerque,

ýIM 87131.
Now at the Department of Physics, Iowa State Universitq, Ames, IA 50010.

cNIw -t Bell Communications Research, R,_' Bank, NJ 07701.

Sound velocities, elastic constants and acoustic attenuation in PLZT 9/65/35 bulk ceramic
material have been determined by ultrasonic techniques between 1.2 and 470 K. Anomalous
elastic behaviors, including broad dip in sound velocity and sharp cusp in attenuation were
observed around the diffuse phase transition at 330 K. The sound velocity increases strongly
and linearly with decreasing temperature at low temperatures. This behavior is different from
that predicted by Debye lattice model. An unusually large 42% discrepancy between the elastic
Debye temperature and the calorimetric Debye temperature was found which may be attributed
to the disorderness nature in this ceramic material.

INTRODUCTION RESULTS

Lanthanum modifiad lead zirconate titanate, (Pb,La)(Zr,Ti)Os, or The longitudinal and shear sound velocities vL, and vu, where v -
PLZT, is a ferroelectric ceramic of the perovskite structure with a 2d/t and d is the sample thickness, were measured from the phase
diffuse phase transition [1-41. The broadness of the dielectric comparison method. The corresponding elastic constant CL and
constant maximum at Tc suggests a gradual transition from an Cs, where C - pu2 and p - 7.810 gm/cms is the sample density,
unpolar high temperature phase to a polar ferroelectric phase. It determined from the Archimedes method, were deduced from the
has been found that the polarization is reversible above a sound velocities. (The theoretical density, however, is 7.84
temperature Tt (Tt < Tc, where Tc is the transition temperature) gm/cm 3 as calculated by using the molecular weight of 323.4
and irreversible below Tt [3]. The high disorderness in PLZT gm/mol and the lattice constant a - 4.091 1 from our x-ray
suggests a finite correlation length at the phase transition similar powder diffraction determination). The ultrasonic attenuation was
to that of glass transitions and one might expect that PLZT determined by measuring the amplitudes of successive sound
behaves like an amorphous dielectric material [3,4]. echoes and the best least square linear fit of the logarithms of

amplitudes of the sound echo trains. Because of the lack of
The purpose of this work is to measure the sound velocities and complete published thermal expansion data of PLZT ceramic
acoustic attenuation of PLZT in serach of anomalies due to phase material at low temperatures, sample thickness and thus density
transitions and glass-like behaviors, and to determine the elastic were not corrected for temperature changes. The results of the
Debye temperature which is important in interpreting calorimetric sound velocities, elastic constants, and attenuation as a function of
results at low temperatures [5,6]. temperature are shown in Figure 1 to 6. Within our experimental

errors we found that there is no significant hysteresis in the sound
EXPERIMENTAL volecity or attenuation measurements as a function of temperature

scans.
A hot pressed PLZT ceramic sample of composition 9/65/35, or
Pbo.9 1Lao.o 9Zro.62 jTi0.3 42 10 3 , manufactured by Motorola Inc., was As can be seen from Figure 1, 2, 4 and 5, both the longitudinal
used in this sutdy. The sample was ground and polished into and shear velocities and elastic constants exhibit a broad and
parallelepiped shapes suitable for sound velocity measurements and diffuse depression at 330 K. This depression lies between Tc =
was thermally depoled at 600 *C for one day to eliminate residue 360 K and the reversible-irreversible transition temperature Tt =
stresses and strains. Elastic properties were determined by an 290 K. The ultrasonic attenuations shown in Figure 3 and 6 show
nltrasonic phase comparison technique [7]. Electric pulses of strong temperature dependence. The longitudinal elastic constant
width 1 prm, gated and amplified using a c.w. oscillator at 11
MHz, were converted into ultrasonic pulses by quartz transducer ' ..
bonded on the sample. The echo trains were picked-up by the so , 4
same transducer and phase-compared with the c.w. signal. The
transit time t, or the round trip time-of-flight, of the echo was ,
determined to within an accuracy of I nsec or 0.05%, at j "-i % N
temperatures away from phase transitions. From the transit time,
and the thickness and density of the sample, the sound velocity . 1
can be calculated. The ultrasonic measurement system has been ,
described elsewhere [7]. \ l ,

The longitudinal and shear sound waves were generated by
activating X- and AC-cut quartz transducers with active area of
2.5 mm in diameter, bonded onto the PLZT sample of thickness
0.5984 cm, respectively. For the longitudinal mode, Dow Corning
DC200 fluid was used as the bonding agent in the temperature
range of 1.2 and 470 K. For the transverse mode, DC200 fluid, ___

DC276V9 resin, and Ren Plastic epoxy were used in the 0 4 2 0 400
temperature ranges of 1.2-200 K, 120-300 K, and 250-405 K,

respectively. The low temperature measurement system has been
described elsewhere [7]. Figure I. The longitudinal sound velocity of PLZT 9/65/35.
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r- r , T T T accomplished at around 330 K, and both the %olume and linear%. Piezoelectric couplings are strong in this material, Ilo e~er, the
fact that phase transition is diffuse and not sharp must be due to
"the randomness and ceramicity nature of the material: That is, the
.ery diffuse mode softenings and attenuation peaks at theS•. ,"- .transition are caused by the fluctuations of medium or short range

orders inside the randomly distributed ceramic grain" directly
related to the variations in the ferroelectric moments, grain

,. .boundaries, domains, domain walls, etc. We speculate that thisu~~ ~~~ 1,•••• ' -• medium or short range correlation length should be on the order
of a few X up to the domain or domain wall sizes which may be
much smaller than the grain size which in this sample has an* . averaged value of 8 ;Am.

It is interesting to note that the attenuation peak and the ,.elocitv
dip have a one-to-one corresponý.,nce: The broad and diffuse
peak in the attenuation corresponds to the broad and diffuse dip
in the velocity. This suggests that the observed anomalies in

,,o° 2, Am attenuation and velocity change all stem from a same relaxationprocess through the following Kramers-Kronig type relations

Figure 2. The compressional elastic constant of PLZT 9/65/35.

D2  co w2r (V)
S-x j" P(V) dV , (I).24pkT 0 1 + w2r2 (V)

S..and

- % AV 2 oc dV
f - P(V) - (2)

v 8pv2 kT 0 1 + W2 r 2 (V)

z, 26 "-,.,.,g 58 3 10 '3.

0 b

06 " 'o0 ' ,

h aMaERATUR3 K In e Eo27

Figure 3. The longitudinal ultrasonic attenuation of PLZT9/165/35.- 
2 8

0 2,6-

has a major attenuation peak at 315 K and minor peaks at 250 and *s,
450 K. In the case of the transverse mode, the major attenuation >•. 4"
peak is at 290 K and the minor peaks are at 250 and 350 K. z 25 do

There are also small fluctuations in the shear elastic constant at
280 and 350 K, associated possibly with the attenuation peaks. I

The details of the low temperature behavior are shown in the
inserts of Figure I to 6. The sound velocity and elastic constant 2 10i 200 360 400

increase while the sound attenuation decreases as the temperature TEMPERATURE 0K)
decreases, and the sound velocity shows a linear temperature
dependence for both the longitudinal and shear modes, suggesting
that the material has a glass-like behavior [81. It is very Figure 4. The transverse sound velocity of PLZT 9/65/35.
interesting to see that there is no sign of any "leveling-off" effect
for both of the velocity modes at the lowest temperature of 1.2 K.
This phenomenum can not be explained by the Debye lattice
theory [91 because in that theory the elastic constant of ordinary
solid dielectric material should have a temperature dependence of where D is the deformation potential or the energy shift of the
(I-cT4 ), where c is a constant, at the absolute zero. relaxing state due to acoustic strain, P(V) is the distribution of the

activation energy V, r = r. exp(V/kT) is the Arrhenius relation for
DISCUSSION AND CONCLUSIONS the relaxation time r, and w is the sound frequency. These

relations have proven to be useful for describing both the
The existence of the unusually broad and strong softening of the crystalline and the disorder systems [8] and might be useful for
elastic constants and the drastic changes in the attenuation at the describing PLZT material qualitatively. Unfortunately, material
diffuse phase transition in PLZT suggest that the long range parameters such as D, P(V), and r(V) in -PLZT can not be
orders associated with the polar to unpolar phase transition are obtained uniquely by a simple curve fitting precedure using
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Figure 5. The shear elastic constant of PLZT 9/65/35. tEMPERATURE (K)

Figure 6. The transverse ultrasonic attenuation of PLZT 9/65/35.

formulae (1) and (2) because the phase transition in PLZT is too

strong, too broad, and too diffuse which prohibit us from
estimating the true background velocity or attenuation value in the

entire temperature range so that it is difficult from our data to

deduce the actual velocity or attenuation changes due to the phase
transition. Furthermore, because of the ceramicity nature of
PLZT, D, P(V), and r (V) may not be single-valued but may have systems caused by double-well potentials in glass or disordered

broad spectrum of values because of the random distribution of solid from a statistical calculation [12]. These low lying modes, on

grain and domain sizes. the average, can contribute an extra large term to the heat
capacity of PLZT and caused the observed linear velocity

It is clear that PLZT material does not behave like an ordinary dependence at low temperatures. Other low lying modes may

Debye solid at all because an ordinary Debye solid must hae a involve domain walls excitations or quantized ferroelectric

leveling-off effect at the absolute zero. The non leveling-off of polarization waves similar to quantized spin waves in magnetic

the elastic constants down to 1.2 K suggests that some unusual materials, but we do not have direct evidence of the existence of

mode vibrations other than the zero point lattice vibrations may such modes at the present time.

not be totally frozen out near the absolute zero.

To further explore the unusual behavior, we have calculated the Acknowledgement
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Abstract were heated,again at a rate of 40C/min, through the
phase transition region. Prior to the dielectric,

Dielectric, pyroelectric and piezoelectric prope- pyroelectric and piezoelectric measurements the spec-
rties of relaxor ferroelectric in the (l-x-y)Pb(Mgl/3 imens were poled by applying a DC field of about 20
Nb2/3 )O3-xPbTiO3-yPbZrO3 solid solution series have kV/am while cooling from well above the transition to
been investigated. The dielectric constant and loss a temperature well below. Electromechanical coupling
of poled ceramic samples were determined. The pyro- factor was measured by using the resonance-antireso-
electric coefficient was measured by the static Byer- nance method 6 .
Roundy method as a function of temperature. Electro-
mechanical coupling factor (Kp) was measured by using Results and Discussion
the resonance-antiresonance method. The addition of
PbZrO3 affects the dielectric and pyroelectric prope-
rties of PMN-PT and transition temperature is contin- Dielectric properties
uously shifted to lower temperature with increase of Figure 1 shows the typical plot of the dielectric
a small amount of PbZrO3. The composition with the constant and loss tangent at various frequencies(100
maximum electromechanical coupling factor exhibits
the high dielectric and pyroelectric properties.

Introduction 20-O.OPN.22PT0.18PZ 0 10

o (1) poling: DC 20 kV/cm
-- N(1) f • 0.1 kHz

In the composition PMN-PT system, mor- x(2) (2)1fIkHz
photropic phase boundary exists near 35moi% of PTl. 2 . Z (3) (3) f - 10 kHz
The composition near MPB shows a large dielectric,py- < (4) (4) f • 100 kHz
roelectric coefficient, much larger than those of PZT Z ( 1
ceramics. In the case of the most of PMN-PT series 8 10 ( 0.05-
transition temperature is above room temperature. '2)
With an addition of PbZrO3 (Tc = 2309C) the transi-
tion temperature can be suitably adjusted for the I-ppyroelectric and piezoelectric applications or

In this paper, we used the colunbite precursor W
method 3 so as to stabilized perovskite structure.
Dielectric constant and electromechanical coupling 0 - 0
factor of the PMN-PT-PZ system are high at the corn- 0 150 300
positions near the morphotropic transformation4 . The TEMPERATURE(OC)
dielectric, pyroelectric and piezoelectric properties
of the PMN-PT-PZ system near the morphotropic phase Figure 1. Temperature dependence of dielectric con-
boundary system (P111-PT) are described. stant and dissipation factor at various frequencies

for 0.60PMN-0.22PT-0.18PZ system.
Experimental procedure

In the ternary system 0.60PMN-(0.40-x)PT-xPZ and Hz - 100 kHz) as a function of temperature for a con-
0.70PMN-(0.30-x)PT-xPZ compositions were prepared at position 0.6OPMN-0.22PT-0.18PZ. The dielectric con-
x = 0.05 to 0.30. The raw materials were reagent gra- stant vs. temperature data depict the typical relaxor
de oxide powders. We first prepared the columbite behavior of this composition.
structure MgNb206, and the precursor materials were When the samples were poled and x varied from 0.05
then mixed in stoichiometric ratio with PbO, Ti02, to 0.30, the dielectric behavior on various composit-
and ZrO2. Mixed powders were dried and calcined at ions showed a increase in Tc with decreasing of mole
and for2 hr.Mixed rballmi , powders were dfraction of PZ. Dielectric constant increases with incre-700°C for 2 hr. After ball milling, powders were
cold pressed to form disks, followed by sintering at asing molPZ, However,for x more than 0.18, the diel-
12500C for 2 hr. PbO volatilization during sintering ectric constant decreased(Fig. 2). Figure 3 shows the
wasC.fr. hr. by volaiizato dielectric behavior on the 0.70PMN-(0.30-x)PT-xPZ (x=was miimzing by surrounding each pellet with "atm- 0.5-.2)sldoutnsyem igtbsmla
osphere powder" of identical chemical compositions. 0.05 - 0.28) solid solution system might be similar
The sintered samples were characterized by X-ray di- to that observed in the dielectric constant vs. temp-ffraction to insure phase purity. For electrical me- erature studies for the composition 0.6OPMN-(0.40-x)asurements, the samples were polished down to have PT-xPZ. In each series the maximum dielectric cons-

same physical dimension, and gold electrodes were sp- tant is observed for the compositions a.6rPMN-e.22PT-
uttered on the surfaces of pellet. T.18PZ and 0.70PMN-O.15PT-O.15PZ, respectively.

Temperature dependence of dielectric constant and Transition temperature of PMN, PT and PZ are -150C
loss tangent were measured of 0.1, 1, 10 and lOOkHz 4900C and 2306C, respectively. As the transition te-
at the temperature rate of 4°C/min with a multi-freq- mperature is expected to vary with the compostition,
uency LCR meter. Pyroelectric coefficient was meas- in each series. Figure 4 shows the variation in tran-
ured by the static Byer-Roundy method5 as the samples sition temperature with composition x of system PMN-

PT-PZ series.
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peaks are existed in the P vs. T measurements as

20 0.60PMN-(0.40-x)PT-xP4 _300 -

poling : DC 20 kV/cmnj ~ 30 -Poling: DC 20 kV/cnm
x-0.18 f - I kHz' f - I kHz

105150
I-x -0.20 01

TEMPERATURE(C) 00 0.10 020 030 0.40

MOLE FRACTION OF PbZrO3 (x)

Figure 2. Dielectric constant vs. temperature in
the 0.60F.t-0.4O•) Pr-P sytm Figure 4. Variation of the transition temperature as

a function of the mole fraction of PZ.
10 0.70PMN-(0.30-x)PT-xPZ

x_.0.1
81 

L O1 
plngD

xI0.1o 20 kV/cm . 10 .60PMN-(O.40-x)PT-xPZ

Z - x01 oig D 2-. 0 k /c
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LTEMPERATURE(IO 1(

Figure 3. Dielectric constant vs. temperature in
the 0.70PMN-(0.30-x)PT-xPZ system. Figure 5. Pyroelectric coefficient vs. temperature

in the 0.60PMN-(O.40-x)PT-xPZ system.

The addition of PbZrO3 affected the dielectric
properties of PMN-PT and the phase transition tempe-
rature is continuously shifted to lower temperature

with increase of a small amount of PbZrO3 , their ra-
tes Cf decrease are about 3-5 0 C/moi%. With an addi-
tion of PbZrO3 the transition temperature of the(z-x- • 8 0.70PMN-(0.30-x)PT-xPZ

y) PMN-xPT-yPZ can be suitably adjusted for the room E poling : DC 20 kV/cm

temperature dielectric applications. ) x0.15 x-0..10

0 xx0.25 ,

Figures 5 and 6 show the pyroelectric coefficient x.0x.0 x.O.0

for various compositions in the 0.60PMN-(O.40-x)PT-x o"4
PZ and 0.70PMN-(O.30-x)PT-xPZ solid solutions, respe- O x.0-28//
ctively, as a function of temperature. In the compo- _O.)

sitions 0.60PNN-(O.40-x)PT-xPZ and 0.70PMN-(O.30-x)PT ,
-xPZ pyroelectric coefficient increases with nol% PZ. 0m
However, in each series for x less than 0.18 and 0.15, w

w

respectively, the pyroelectric coefficient decreased. o
The composition with maximum pyroelectric coefficient " O00 50

>" I 1xo0300

night be similar to that observed in K vs. T studies. 0 TEMPERATURE(OC)

The variation of peak temperature with composition
is shown in Figure 7. The peak temperature of pyro-
electric coefficient is continuously shifted to lower
temperature with increase of an amount of Pr ZrO3,
their rates of decrease are about 2-33/moI%. Howevr, Figure 6. Pyroelectric coefficient vs. temperature

especially at x =0.22-0.30 it is observed that two in the 0.70PMN-(O.30-x)PT-xPZ system.
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shown in Figures 5 and 6. This suggests a change of is continuously shifted to lower temperature with in-
property behavior of ferroelectric materials in such crease of an amount of PbZrO3 . The composition with
regions. The broadening of the two peaks in P vs. T the maxmium electromechanical factor exhibits relati-
may be due to the coexistence of the ferroelectric vely superior dielectric and pyroelectric properties.
and paraelectric phases. But this phenomena can not With an addition of PbZrO3 to the PMN-PT system the
be fully explained at present work. phase transition temperature of the P4N-PT-PZ solid

solution series can be suitably adjusted for the room
temperature dielectric applications.

300 poling: DC 20 kV/cnm

-. 0.60PMN-(0.40-x)PT-xPZ Acknowledgement
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Conclusions

The addition of PbZrO3 affects the dielectric, py-
roelectric and piezoelectric benavior of PMN-PT system.
With an addition of PbZrO3 to the PMN-PT system the
phase transition temperature of the PMN-PT-PZ system
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INFLUENCE OF HIGH ENERGY GRINDING ON THE TEXTURE, STRUCTURE
AND ELECTRICAL PROPERTIES OF BARIUM TITANATE

JM Criado, F Gotor, L Perez-Maqueda, C Real, M. Mundi and J del Cerro
Material Science Institute P Box 1065. Sevilla Spain

Experirment.al

Several samples were obtained by grinding Aldrich
commercial BaTiO 3 powder between 0 to 150 min

Abstract For grinding, a high energy ball- mill (whose
characteristics are 75 cm, 730 rpm and Tungsten

It is shown that nanocrystalline barium titanate Carbide balls ) has been usedX-ray investigations of the above samples were
can be obtained from high energy ball-milling of carried ou tha acom e (pls 1750

conventional barium titanate powder available In

the market X-ray investigations, surface using CoKa radiation and graphite monochromator

determination and dielectric studies have been The size of the coherently diffracting domain of BT

carried out on several samples obtained with samples has been determined from the analysis of

different periods of grinding It is deduced that the the (111) profiles by Sherrer's method 6 that
stabilization of the cubic phase at room supplies reliable values of this parameter On the
temperature occurs f-r values of grain size and other hand, the (200) peaks have been also studied to
coherently diffracting domain size of 0.12 gm and see the vanishing of the tetragonality.

25x 10 2 A respectively, Surface area determination of BT powders was
carried out using a single point BET method with an

IntrodUction Adsorptmeter Micromeritic model 2000
With the above samples, several pellets were

It has been found that the stabilization of the prepared and later sintered The dielectric constant
cubic phase in B (BT) depends on its of these samples was measured using a SP-5240 ESI

a 3 Capacitance Bridge

microstructure Uchino et al 1 have compared the
crystallographic structure of BT with the sample Results and discussion
grain size (g) as determined from the BET surface,
concluding that at room temperature the change from In table I the influence of the grinding time on the
tetragonal to cubic symmetry occurs at a critical textural characteristics of the samples is shown As
particle size of 0 12 gm. it was expected, these data indicate that the

The Constant Rate Thermal Analysis (CRTA) increase of the grinding time leads to a decrease of

technique has been used 2 under different both g1and D.
experimental conditions to obtain BT powders of
very small grain size. These particles are formed by Textural characteristics of the samples
small crystallites welded in a mosaic structure in
such a way that g is not equivalent to the coherently Sample Grinding time g D
diffracting domain size (D). Both a crystallographic (mi) (Ai) (A)

and a dielectric studies were carried out 3 - 5 on A 0 0.26 1688
these samples and it was deduced that the B 2 0.22 682
stabilization of the cubic phase at room temperature C 5 0.18 539
depends on D rather than g and this stabilization D 10 0.17 400

occurs when D is lower than 2.5x 10 2 A. E 15 015 315
For this paper, commercial BT powder has been F 30 0,14 264

ground in a high energy ball-milling as a function of G 45 0.12 256

time X-ray investigations, surface area H 60 0.10 213

determinations and dielectric study of these I 90 0.09 202
samples ascertain the above results. J 150 0.04 192

CH3080-0-7803-0465-9/92$3.00 ©IEEE 398



The (200) XRD profile of the samples in tablel have Jio

been studied, in Figure I the peaks corresponding to

samples A, C and F are shown We can see that the £

tetragonal splitting decreases with the grinding

time and it practically dissapears at sample F, -"

whose g and D are 0 14 gm and 264 A respectively S3

a)

S....- 'q 3

T (0 C

4,,''C', J44l : . .-

-s .. ..

4170

F- b)

V :( 0 C) 170
T oC

'I Figure 2.- Dielectric constant of sample G versus

temperature: a) without sintering and

b) sintered at 1700 K.

;44 -According to the above results, which are in

agreement with those found by Uchino et a). I and in

A our previous papers 4 ,5 , we can deduce that the

stabilization of the cubic phase at room temperature

32 20 41 occurs for values of g and D lower than 0 12 Am and

2.5x 102 A respectively.

Figure 1.- Powder X-ray diffraction (200) peak On the other hand, using CRTA method at a pressure

of barium titanate milled for: A) 0 min, of 10 mbar, barium titanate powder was

C) 5 min and F) 30 mn. obtained 4 with values of g and D equal to 0.15 iAm

and 246 A respectively. It was shown that this

sample, whose particles are formed by small

The dielectric constant of sample G (without crystallites welded in a mosaic structure, is cubic

sintering and whose g and D are 0.12 I±m and 256 A at room temperature.

respectively) is represented as a function of the From the above data It is possible to conclude:

temperature in Figure 2a. This curve shows that a) nanocrystalline barium titanate can be obtained
from high energy ball-milling of conventional BTsample E is cubic at room temperature. When this

sample was later sintered, the tetragonal phase is powder available in the market.

b) when the particles behave as sIngle crystals, (likerecovered at room temperature as we can see in

Figure 2b. the ones studied by Uchino et al.1 and in this paper),
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the stabilization ot the cubic phase at room
temperature occurs for values of g and D lower than

0 121•m and 25x10 2 A respectively.

C) when the particles do not behave as single
crystals, (like the ones obtained by means of CRTA

method 3 - 5 ), the stabilization of the cubic phase at
room temperature depends on D rather on g, and it

occurs for D lower than 2.5xi02 A
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Pb(Zro s2 liii Axm() + 0 5 A 1 ,4 Nb2()s. ,|lnich is , Nithitn the
morphotropic phase bo•lndar% Mhe ceramics Aere prepared h) the

Abstract cinventiona.l mixed -oxide process The final sufftering temperature
is 1I 11 (IC -- 1250 4)(-' fi 2- 1 hrs, The scanning election

In this study, a simple and direct method has been proposed, which micrographs ( Fig. I.) show tire average grain size of the ceramic to
"allows to be used for quantitatively distinguishing the mechannisnis he 3pnnm - 3 5lim. The domain structures cain be clearlN observed
of domain reorientation processes in polycrystalline materials. By through the environmental scanning electron inicroscope without
using this method, the W'0 - domain reorientation in the coating the samples 171
Pb(ZrxTii x) cermunic under the electric field was examined through
the X-ray diffraction analysis. It was found that the polarization
switching in thie PZT ceramic with thie comlposition near the
morphotropic phase boundary is predominantly controlled by the
twe, successive 90() domain processes rather than 1I80 douiain wall
reversal. Experimental results also indicate thar the coercive field of
the ceramnics is related to the cooperative defonnation associated
with each grain, which arises from 901- domain reversal process.

1. Introduction

The interrelationship between the dynamic behaviors and
the microstructures (intrinsic domain structures ) of ferroelectric
ceramics is of great significance. Time investigation of polarization Figure I. The SEM micrographs of the PzT ceramic with the
reversal in ferroelectric ceramics is of both theoretical and practical composition within the inorphortropic phase boundary.
interest. Recently. a lot of efforts have been put into developing
polycrystalline ferroelectric thin films as non-volatile memory The samples were cut in the dimensions of (8tnnm x 8mim X 10.5 -
devices using the capability of switching the direction of remnant
polarization under the influence of an electric impulse. In fact, the measuridectro. wor the dilcti and strain
polarization reorientation processes are intimately associated with measurepents. For the X- ray adalysis meaeurelents, the thinthe basic dynamnic memory capability and thle switchling threshold of vacuum (deposited silver electrodles were used on the faces exposr.ed

the asi dyami meory apailiy ad te swtchng hrehol of to the X - rays in order to reduce the extra- diffraction of thepolycrystalline thin film memory devices, as well as the basic electrodes. Before making silver electrodes, the surfaces of the
fatigue and degradation behavior of thin film devices. With regard
to this, the mechanisms of the domain reversals in PZT sampleswere polished and etched X-raydiffractinnneasurements
polycrystalline systems have a special and important aspect. were perfonned on an automatic X-ray diffractometer using CuKa

Early investigations for the dynamical behavior of 9(lf type Th. direction of initial polarization

domain walls (901 in tetragonal, 7111 and 109° in the rhombohedral _ _

phase) and 18(0 domain walls in PZT ceramics have been carried
out in the past three decades I I-61. Based on the bias dependence
measurements of dielectric constants, polarization. and spontaneous 0
strain in certain PLZT ceramnic systems, it has been suggested that L
the processes of polarization reversal may be characterized by two -
successive 90) type domain processes rather than by the direct 180, -

domain switching processes. Apparently, all previous research Z
results seemed to be adequate. however, they are by no means C
quantitatively conclusive because no any direct experimental C
methods could distinguish the mechanisms if the polarization 2
reversal processes in the polycrystalline materials

In general, the mechanism of polarization reversal processes V
in single crystals is explained by the nucleation and growth of new ,
antiparallel domains. Ferroelectric ceratnics consists of marty
randomly orientated grains. Therefore. the polarization reversal 0I1

mechanism and switching behavior in ferroelectric polycrystalline
materials is rather complicated and depends upon many Figure.2. Shape and initial polarization orientation of specimens for
conditionsl7l. Usually, the polarization reversal processes in two different cases.
ferroelectric polycrystalline materials is substantially different from (a) The initial direction of remnant polarization parallel to the surface
those in single crystals. In this work, a simple and direct method of the plate sample.
has been proposed, which can be used for quantitatively (bt The initial direction of remnant polarization perpendicular to the

surface of the plate sample.

CH300-0-7803-0465-9/92$3.(X) ©IEEE 401



radiation (X = 1 .5418 A) ihe experimental data were processed of their polarizations parallel to the surface of the plate specimen
with the software developed by the Materials Research Lab at Penli could be expressed as follows.

State. The X-ray patterns were recorded at a wait rate of 20= 0 V3
mnIThe low scanning rate was chosen lin order to enhanice tile R'= K li(44)

intensity of the diffraction. 'he ceramnic specimenes we re initially 124(X))
poled lin two different ways lin accordance with the saniple shape, asý
shown lin Fig.2. [he depth of X- ray penletration tit this PZ'I system liere. K is special toelttcieWi Smlie tile change n1 ditffactionl

is estimated to be I in. initenisittes are 0111~ 'cw atused h , 94 1)Odoiniaits. the V -j ,a utlnsicmtieso

Ic (K42 4; 24 K4)) uodet "Ike in1fluencke oif the eleci"tric elA could representt

Ill. ttesults and Discussiotis the chratlr~ic esti. ?t 90f 9(4 ditain resersil -ilie haiagiuig tlate 41.
Ii (N 2 I Ii24144 na tic t sal sotmie intifoi itittoo about t I cie t iuechaisni of

11. ~tw pieof - rý, aA3 is tie ;omiain teoit tetlat ioli
3.1.Priwipe o X- a~ naI~tsIn the tollointg. we lhall disc uss tw4o ditftMeI cases of

It iswellknow t ht P/ cerni i s ctti aiii an 9 4' nd plajzl a i i) reoririenailn inoi dist iigutsh tht Alil at-tlt ion fri efintat 0n
It s .el knwntha P'I ermic coai niti 9(1 nd 01 presesws beisseen 9(4doiniuin te CIsal and ISY4' doinain tes ersal

domi ains [hle electric field %kill forte theim tmove :,twaid' tilie processes5 It %h u Id lie to ted that iii realityN tile doinains c :ui tikeCr
dlirectionl talrirable lto thle total sYstelli enetgy According to he p)erfetthl, alteumed [Itt dtlitbiuttiat of poiiriiatiion ditetlsions
F-riedel's lim. the re versatl iof I 84)1don ains dut ing tile piol ar ization it a~wa.ý obey~ tile cert am axial d istr ibulin it.,a shoI55n ti Fmg I _he
process; Could not IV detected by tile X-ray klittraction method 14((X)2) and h 24(44 me nieasuied b,, thlei a% etage salues
Therefore, it is believed ithat thle change of ratio 1(0024/112(K)44 is
causefd by tlie sw itc litig (If 90'1 domain alone I K.91 itt general. tlie oilain- ,
iti ellsitN oft ant N. kl reflectiont . relative to1 that front a radit~nt

s;pec iell Wt is (lopoip liii ial to thle vo(lume tr-act itn (H cdllains has, tog D
their OW hk) plalles pat ,dlel to thle plate surface. Regarding this study. 1
the intensity of 1(4)1)2 teflectiolt is proportion~al to the %olutnie

trac tiont of domilain hasvinrg tilie po larizat ion directioni par-al lel it) tle
normal oif suirface oif plate specii tei s.

Based onl thle general pritnciple of X-ray Ilit tract ion, the
ditfractise intensity I~hkl) for Ohk14 plane canl be usually expressed E
by 191

1 (' I=CA I~2 toI F1,k j)N ih ki PhItkg I~ic

0
s,%le re,. It, stands for incident X -ray diffraction,. L, Lo renttz angle
factor: Fhikl 4 structure factor for (hkl 4 planie: N(hikl 4. iterating
factor: A, absorption factor and C is known ats mneasurinig systemt
coinstant. Once the measulritng cotnditions and specimens are definled.G

C canl be calculated. p4 kh~ is /the lr vsfaI plane oriilifafioit densitv
it /Inh is dein ued as t/he to/rie ti' faction of t/h' -rysftal g',ains ittall
4/tkh plapi' paw-llil to,%pec imen surface Obv iousl y, for a

specimeni with the preferetied orientation of the (hikl plane, its

p(hkl) should be constant and canl be taken ats 1, therefore, one has

I ~Figure 3. Two ditmensional rep-resentation (if thle sector itiodel

I pi hki = C A I (L:F ih k 1) NI 4k1 showing the spatial dlistribuitiotn of domains at different sta.'es of the
polarization reversal,

From the defitnitiotn of diffraction initensity. it easily follows that thle
diffraction ittensitv for thle thkl) planes should he proportiotnal to 7le0ae1
thle volunie fraction of donmains (both 90)4 and 18011 domaitis) in__
which the (hkl) planes are parallel to the surface of the plate
specimeies. Sinice there may lie two possible kinds of' domain For tile case I of Fig.2.. the initial directions of polarization itt tiolst

reversal processes (lurintg the polarization switching. the measured doanarprlelttiesfcefthpaeseimnIat
1(0)02) atid If. 2004 should conitaint t~ie contiribution- of thle planes electric- field is applied to tile direction nlottal toa tile surface oif the
(4)H)2) anid (2(H)) within both oV)4 reversal domaitis and IMP( reversal plate specimleni. the polarization reversal process will he expected to

domai%. rspectvely thatis:be following tile mtodel tin Fig.3ý As the applied electricý field
inicrease-,, the direction (if polarizatiotn will gratduallv he changed.

U002 = i 19"1 p((X2) n~I8(Yj l((X)) () Wth asuficietlystrng electric field, tile polarization directions lin
the ceramnic will change their distribution directiort. Evemminally. all

1(2X) = iI Wl p((X) +g2 (Yl i(20) (3) polarizatiotn directions will be lined up nearly parallel to the plus
a ((n(- i],1 I(() +g 0~1 l(20 direction showni at point C via the 90t1) do .tiaini wall rev-ersal

ila+t2+ d, g price .ss. The initriguitig feature is that in this process only 94(1
tim +n2 + t + g = Idomain reorientation is invoilved1 atd] nio I180' (](villian wall rev-ersal

where, n i and 112 are the 94)44 andI 190(4 domain volumne fractiotis, process occur sitnce tite iniitial directioit of poilarizationt is

respectively. which have tile (00(2) plane parallel to the surface (if perpendictular to rtie applied electric field. Frott eq (34 and etl(4).

the plate sp~cilnetis. g i and g2 are the 94Viand 1804)4dominit volume one obtains

fractions, respctlively, which bave tile (2(0() platne parallel to thle
surface of the plate specimenis. It should be noted that ni and gi 1(X2 i4 K2
are the function of applied electric field, whereas the n2 and g2 are R 1 0 C ((4 nt NO4 lW
always constatnts dluring the domain reversal processes. The n,(11 IIXfl1(2K) 0

domain volume ratio between thle doniains with the polarization r 94Il~
2 1)

direction perpendicuitlar to the surface and those having the direction
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alloit 11 +[ KiS) Io5 fI 11411 ka IN is ~ qulito tie lt 1t1,icttýe Approximtet CInt .\ ras irrttorait INt tie, htatClý Kll oi t '. i aire
ilttenlsth rati of Im9" r 1t ,t02/lif 190"111t,( 2(1) A utm th d ulitrtxiil o ptA1, sskrtll m Imlt i Ing~ to h Ow ii otltil. AHitlloge

the unit Sthlunltiot per 91)" domrainm IS trot rIVeessaIk equal to tile ti pared to eqt () arid eq (hl t. itouhl he asseried that it 9144t
unlit SOIUIII ofpt (1011[ 1 dtttIrt cotistileirittg the cttexisteficett:(t hotti 1,0 doioautr "~all reolrierlatton is tile itiditl ifo ess [iith poiarftaftot
arnd I XI)0 ihatiats Froti eq t 5. tire hldiangirig rate of R a, a fu0nti00 S m urlg protess troit point 1) to point V, fihe cttmitgtng tale it tive
of electric. field cazi he expteNrid as iieasuted latlo dH., iF would he sitghtrlN less [half those trout tile

poi () thfie pount C ack ording ito eq I,) for other % otds. [thc
-R di 190 4)1 1U(12, /nt1 9

0) f t(t eatutre ot doirratil resersal prticess troll pit 1)11I) Itt pollil I IN

dL1 F'i morost likek, a pure t~ pe tit "AI" dotriatll reOrIerltatt~itt hetssetI1
dlpotili 1) and point F ( tilsersekN it 1 XII doliiil,ttt ale

piredotri ianikt ins itii ttre pollar izat loll fresersal process trout tilewhere R is tile treasured value (ith ýatio li1120ili2M)t Vile Lluuitgttg ftoiit D to the poinlt F, tire Ltiangtttg ltae oi tile ireasutedl dR,ýdl-rate (if l((M2)/I( 2(X) fromtr poitnt 0) to thie potlit U retILecs ionh tile wouldfi he tirucit1 Sttiller tirait that ffrom1 pititt I) to point~t C llecause
feature ol"AY'ldoirrairt wIAl rkotriet tat 1111. iii the Sm aill t t-gi I) liere wse assu rie the itiler ial etre rg srates at

poitnts 0 atnd 1) are tile Satte Tris assurtptiort IS inl practlce.
I lit, (a~ t, 2 almiost friltiied Ill Short. eq 19) Couldi, e used as tire . ritetiirrr lilt

qual itat ively evailuat ing thle cLIMWItt SI Of teftiiso ile d %lIttllIC helia it

Wilien tilte Inten sity of electric fiteld i,, decreased t f Ill the poitit C to (if diai si t eleniques rotNe itcrncSftlrisltVa
poitnt 1). tile dtirlaill pola~rtlationt turtis hack Ito tire ntearest eas% -nlss(fnqe
direct ion inr tile fas our of h tssi ti; tile i titertla~l CeiCrgy,1 filte appl iedi
electric field is itrcreatse(I tur-ther itl the tltimus direction fromt tite :1.2 Experimiental W*-,uhs mid ('ontcustions
p~ilirt 1) to point F. tile dotmaini poilarizatiotns poitittitg fit tire plus
diirec tion are rev ersed. lit is ttllt y invorl ve hot h tire (011 aitd 1801i
domlaitn Sw itchitng Prolcesses. Thtis. trom eqs. 2) and ( 1). sse ha% e itt practice, tin trrder ito sort out tile tiiechilltritts iof dortt It

If I reorif emlato n ri t filrte cerami ic sp ec JitriC iS. w e ha% e ll t I e u ltie h1 11 ftirlt e
R I Ig I~ I~ li r(002) + Ii-110 111,l l)002t features ilt the depetreietce oi If iklki ats a lu rctoll (itt appi ,:d electt Ic

N M)0fields arid the chantginlg rate oflt i(1112)/it 21)) ats a turki-Iltil otf tile
g,19011 I 1)1)2 ) applied electric field trtr dl I()2)1121(Hh01 )/il l sirne details

IA Iree. lit+112+g I I.it tha 00 IFig 4 Showui the XHI) pottiles titi (002) and 12M)(1 peAks foir plate
%%ee 1+12g 1 tShrould he rioted thtIo10 l) o drtraiti P11 satihiples itn tire caSe ofi diltererit Poliauizatiott itrienttattitris It canlevers a "(occ u s itt t ht' diriec-tiott perpenldic ular to ttire ai pplied fieild. he Seeni frioti Fig I 4a) tIhat whe ileiftie no.nit i direct ion iltile pl ate is

Aihus, eci (7, cart exp~ressed as pet-etndicrtiar tor tire ptlatri~atiot citrectirri. tile I 2M1l Itpeak is miuchi
0 higheIr thiail tile (M2)2 peak- of tire Samilpe. ('oil trerseki. fior Samrrples

R M0i -I10) + ii, 1)11) 11 P ((H2tIý ilii tile rrorlitali trectiotn tt tile plate parallel to rite poltrng directioni.
N 2M)1) Il

g 1901(21 4i2 )

(11tl + g, W( hsere: (Xtr f1 ))1[P())+i IK" (0) 2 100

g 194) 11 P( 20l If it I - gII
Aire re: (ir11 + 1 =i -11z w. 1 Ich 1t s a ctirst ar- epresentititg tire

voutuiile tractiont o1 tiutal 9()()I dtttlraitls itl tile iraterial. (i is tire ratiol 002

ill dittratttve iritersistt w itritr tire tinut (tltleit- Per 9(111 cdotrain iy,
is t iict ititi Ot eiect nci fiie alrlot idepetndetnt uplifrr tile entrire dorirairl
pit)arit Jrit ittI sersal pri cesS I)L'rcjsiN speatkifu-g Sitte orriNv tire (1r1
i-gi I porlitrl (itt Q0"1 dortriltls corrtrih-tutes to' tile tlittralt01nrfutrrirnerSi
Of R (itt 11(021'1)2 00l 2 1t rItt eq IS i, thuts. tile cttrrttihttutro iof i~tot

dminttrtrs Ito) Rr tir te Ilrocess frtttrl poult I)- pttitrt F Qlittili 1irl1 he20
exaiti t1 ile saitte its that to tile imnrerrsiN R iltl tile p1ttess frotm pointt
0- point CIl in rdner tot compalxre tire feau2tre,; oi tilese t~it dotitiiri
resetNsal processes. mse caitt det-fine tihat tire chrlg itrg l ate ofdiii l at it it
ulrtefl-sit\ is tire satrre \,% ithirt tire unirt v oltite of per 9I0" dminirrt \% itllr0
respect tot these t" ss idit tainl svIt chilng proceesses. There fo re, fto t002
eq IS),t one shoutild ha~ve (C

Il9 F r(+ 1 1))II~9) 43 44 45 46

N a IttIi rai I urn iIk e Ccl. 6 f. vI it I,-I i iiesc rihirg , putre ')I) t domtla IAin It Fgutre 4 lTre X RI proifiles oit (00))2 aid I 2(M) peaks for pla~te P1Z'
rt'ilr i erlta~t ii pri ceNSs. it ca ~ttle tortnil tha~t friomi eq .(i)* ithe r nijiples of cifftterenit Oiernctatittn ill piolarizatijolt. (at X -ray intensit s
chanirg inrg rate Of R its a fitnct io (titf thle electric field wiI i ill als hie prtofile (ifa poled cerrniic- pl ale 4amlple with its t~mmai dIirectiorn

afc4 hv ' (11g hioll. it 1+ gl t t equalt Ill t t -rite perpendiclariid toi tile pilling cdirect ion (hI X-ray intenisity profile of a
pt tirrmiont trfever sal process wvill he pit pure 0 tt I t\felt9" doiii on po iiled ceramri c pilate Nuntple wivthr its normal direct ion parallel to tire
mtid elr (9 will becttrme exactlIs tire Namtie ifs eq.i ( .irr citirn rfast . it p 'i itg direction. (c) X-rav irletlsity profile of aft unpoled ceratmic
itt -*gr is etiral tOt 7errl. till,; meanls that rtt 91)0 ihtrtltt rems-efl \%Il Nai s n' le.
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as shown in Fig.(4h), the (002) peak is much higher than (200) Table . Changing rate of I(1X)2)/(200) v.s. the applied electric field
peak. Fig.(4c) is the case of an unploed sample. Since no preferred for the cases of Fig.6
orientation exists, the intensity of (200) peak is about twice as that of
(002) peak. Lines Slopes
F ig 5 . p re s e n ts th e ra tio l((X )2 ) ( 2 (X ) ac) a s a fu n c t io n o f th e a p p lie d ------ .------- .. ............................................... ..................
electric field in the case (11) of Fig.2. In Fig.5, the magnitude of the O---B (0.95 t 0.2) x 10--2 (100 v/cm) I
applied electric field at points D and D' are almost exactly equal ,o
the coercive fields of the P- F ( polarization - electric field) hystersis B--- 142 4- 031 x I02 4100 v/t))
loop and S-F (strain- electric field) hysterisis loop measured at DL---E (I.I + 0.2) x 10 2 (10(0 v/clo))
uitra- low frequency. E---F , V2 - 0.3 ) x 10 2 (K)00 v/con I

• | I | ! | I I I --- --- ----: . . . . -7 -- '-•- ----- -Z - -• S -:. . . . --'-•- ---:-g . .2- 7 " - -------...

.Z 2.4 -Iromn Table. I. it can be clearly found that there is no substantialdifference in the absolute values of the slopes between the O-- B
"8 line and the D--E line or between the B--C line and the F--F line
, 2.0- This argulnent strongly suggests that the entire polarlahionreorientation process from point 0 to point F is predominantlyScontrolled by the 90' domain reversal process. In other words.

-1.6- eq.(9) could be approximately satisfied by the experimental data.The estimated value of (ni +go) is around 0.7 - 08.
0 Therefore. it can be concluded that the 90" dIomain"o 1.2- reorientation plays a major role in terms of the polarizatione 1.2 switching in the PZT bulk ceramic with the composition within the* morphotropic phase boundary.

0.-
, I i .!
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PHENOMENOLOGICAL TREATMENT OF DIELECTRIC LOSS

OF FERROELECTRICS UNDER HYDROSTATIC PRESSURE

Sanji Fujimoto, Yoshinobu Kato and Ken Kanai

Fukui [nstitute of Technology, Fukui Q10, Japan

Abstract On substituting P" in eq. (3) for eq. (1), and putting
A = Po/Ps, the following equation is obtained:

This work is concerned with the phenomenological anal- Ee-' - A{2(ý + 2(Ps2 )Ps%3t

ysis of the dielectric loss tangent in the ferroelectric phase and Es e6

its application to iodinated trissarcosine calcium chloride. + A(3ý + 1O(Ps2)PseC'12 -•'

+ A 2 (( + 1O(Ps
2)Ps 3d(3e'-'

1 )

1. Introduction + 5AS3PsSe(4'-•4)

+ A4(Ps(dIt-4&')}

In this paper, the dielectric loss tangent in the ferroelec-

tric phase under hydrostatic pressure is phenomenologically By neglecting terms in A of an order higher than 2 in

presented, and the effect of hydrostatic pressure on the dielec- the above equation because of A << 1, we can confirm that

tric loss tangent of iodinated trissarcosine calcium chloride is the phase of the left hand side in the above equation is equal

reported. to that in the right hand side.
When the complex permittivity is expressed by the

2. Phenomenological Treatment of relation C* = El - jC2, the dielectric loss tangent is given by

Dielectric Loss Tangent the formula tan 6 = 6 2 fe1 •
On the other hand, by neglecting terms in P" of an

The electric field E* and the permittivity c* as a function order higher than 2 in eq. (2), the reciprocal permittivity of

of polarization P* in the ferroelectric phase are expressed on ferroelectrics in the paraelectric phase is obtained as follows:

the basis of the free energy function for ferroelectrics under

hydrostatic pressure p as follows [1]: 1 =* + g = (u + gp)e'
S--0

E" = (U* +g*p)P" + .p. 3 + (.p.5 (1) For the case , >> e0 applying to ordinary ferro-

1 electrics, the dielectric loss tangent in the paraelectric phase

- = u" + g'p + 3ý*P 2 + 5CP"4  (2) is expressed to be tan 6 = tan b, from the above equation.
This means that the dielectric loss tangent of ferro-

where the expansion coefficients u*, g*, f and (*' are phe- electrics in the paraelectric phase corresponds to that in usual

nomenological constants, and all complex numbers are shown dielectrics, whose polarization is caused by the lag from the

by mark *. applied electric field.

As the polarization P* in the ferroelectric phase is the In view of the facts mentioned above, we can confirm

sum of the spontaneous polarization PS and the polarization that phase lags of all the expansion coefficients are equal to

PE' induced by the applied electric field E* = Eed"• with bi.
anguar vlociy wThe complex permittivity €" in the ferroelectric phase

can be obtained on substituting eqs. (3) and (4) for eq. (2)

P* = Ps + PE' = Ps + Poe' 1('-s') (3) as follows:

1 =2(ý + 2(Ps2)Ps' eiý,

where P0 is the magnitude of induced polarization, and b, is C* - Po
the phase lag of the induced polarization P, behind the phase + 2A(3f + 10OPs2)Ps2ej• t

of the applied electric field E*. + 3A2(f + 10(Ps2)Ps2e(wt-b)

As there is no induced polarization when an external + 20A 3
(pS

4
ej(It

2
51

field is not applied to ferroelectrics, Po = 0, Ps J 0 at E* = 0. +

On putting the above relation into eqs. (i) and (3), we
ob.ain the following equation: By comparing the real and imaginary parts in the

right hand side with those in the left hand side, the following

u. + g9p + f*Ps 2 + (-Ps4 = 0 (4) relations must be satisfied:
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When ( 0, and the applied electric field is expressed

1 - C - 2(ý + 2CPs')Ps2 cos 6, by

(61 - CO)P + E21 +2A(3f + lOCPs')Ps coswt = E, + Ee t

+JA 2 (ý + l0(Ps2)Ps~cos2(wt - 16) where E0 is the dc electric field and E is the very small ac
+3A 2•2 electric field (E << E0) which is applied for measuring tan 6,
+0(A3 ) the electric field dependence of tan 6 is obtained by putting

A (= Po/Ps) in eq. (6) and Ps into eq. (1) as follows:
+2 - 2(.+2(Ps2 )Ps 2 sin 6l

+2A(3R + 10Ps2 )Ps 2 sinwt Eo u+gP+ / ut1n6-t2)

+3A'(C + lOCPs 
2)Ps

2sin 2(wt - b.) 
v3P0  1 (9

+0'(A/) v/ tan6 - tan' 6,

where tan2 S 1 << I and A<< 1.

where O(A
3 ) and 0'(A') stand for the small quantity includ-

ing terms A of an order higher than 3. 2.2 First order phase transition
By putting the above relations into tan6 b=£2/1, the

dielectric loss tangent in the ferroelectric phase is obtained as The spontaneous polarizations as a function of hydro-
follows: static pressure p is expressed as follows [1]:

{ 3• +IlO(Ps2 }(1+)

tan6 = 1+ ( A+(Ps2)n xAsinwt+O"(A') P+2 +2_

X ý +a~~ 2CPs2) sini bj 2(x tan b, and

where 0"(A') stands for the small quantity including terms 4C
A of an order higher than 2.

at a transition pressure pc or a transition temperature Tc.
The root mean square of tan 6 with respect to time tOn putting the above relations into eq. (5),

is as follows:

C(P20 (2 + 50)1
1a>_ +A (3• + 10CPs2 )2 < tan > 1- I (1 + x)i3~sin2 6, × tan6 , (10)

< tan 6 > L- 1+ I -A' +x0p tan6
1i (5) ýI+00 i'

2 (ý + 2(PS
2 )2 sin 2 1 t (

where
By using eq. (5), we will show the pressure and dc 2= 1 4(u + gp)(

electric field dependence of tan 6 in the ferroelectric phase
for the second and the first phase transiti

and
2.1 Second order phase transition < 54(Pt2

<tan6> _ - I sin2 6j ×tan6, (12)

On putting C = 0 into eq. (5), we obtain the following

equation: at a transition pressure pc.

< > 1 + 9 A2 cosc6 x tan6 (6) 3. Pressure Dependence of Dielectric Loss

<tan> �2 1 Tangent of Todinated Trissarcosine

By substituting relations A = Po/Ps and p Calcium Chloride
-(u + gp)/l [1] for eq. (6), lodinated trissarcosine calcium chloride

6a n(CH 3 NHllCH 2 COOH)3 CaCl 2(I,_)I 2, (abbreviated as
< tan > 1 1-s- x tail 61 (7) TSCC,_,l, ) is a ferroelectric with a second order phase

transition, and it changes from the ferroelectric phase to the

where paraelectric phase with increasing temperature and with de-
9Po2  creasing pressure.2(o + )(8) craiglesue

2(2, + 9p) The TSCCi-,,I crystal was grown from an aqueous

The above equation shows the pressure dependence of solution of calcium chloride and calcium iodide and sarcosine

tan 6 in the ferroelectric phase. in stoichiometric proportions by the slow evaporation method
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at 300C. Since the growth features of TSCCI-,I_ are It is found that the dielectric loss tangent in the fer-

multitwinned, non-twinned parts were chosen by means of a roelectric phase at pressures above the transition pressure

polarizing microscope. The molar fraction of iodide in a Pc (= 0.38kbar for -165 0 C, 1.07kbar for -156.5'C ) decreases
specimen was determined to be x = 0.1 by the chemical rapidly near pc and then gradually with increasing presoure.

absorptiometric method. Each plate was cut out perpen-

dicular to the b-axis from a crystal and mirror-polished with

No. 1500 A12 0 3 powder. References

From the dielectric measurement of TSCCo.910o. at [1] S. Fujimoto and N. Yasuda, "Phenomenological Treat-
-165°C and -156.5°C, the phenomenological coefficients are ment of Ferroelectricity under Hydrostatic Pressure
[2]: Trans. Inst. Elect. Eng. Japan, vol. 93-A, pp. 361-368,

g = -3.8 x 10'°m/Fkbar August 1973.

S= 4.1 X 1016 rM /FC 2  [2] S. Fujimoto, N. Yasuda, A. Kawamura and T. Hachiga,

u = 1.45 x 1010m/F for - 165°C "Temperature and Pressure Dependence of Dielectric

U = 4.1 x 101°m/F for - 156.5 0C Properties of lodinated Trissarcosine Calcium Chloride,"
J. Phys. D, Appl. Phys., vol. 17, pp. 1019-1028, May
1984.

,the polarization induced by the ac electric field of 5V/cm is

P0 = 3.2 x 10-C/m 2, the value of the dielectric loss tangent

in the paraelectric phase is tan 61 = 1.5 x 10-4, and A =

Po/Ps = 7.11 x 10-3.

The pressure dependence of the dielectric loss tangent

tan 6 calculated from eq. (7) is shown by Fig. 1.

4I -156.5 C (measured)
3 0: - 165 'C (measured)

(calculated)

2 I PE Paraelectric phase

FE : Ferroelectric phase

10- 0 '

7

S 5'

"4 4

3 PE )• FE

.-PE1. FE
'I'

10-3 PC: ,10' I I p I I I I I I I

0 1 2 3 4 5

Hydrostatic pressure p (kbar)

Fig. 1 Pressure dependence of the dielectric loss tangent (tan a ) of iodinated trissarcosine

calcium chloride TSCC09. 0 .1 in the ferroelectric phase at -156.5 °C and -165 *C.
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ELECTRODE EFFECTS ON ELECTRICAL PROPERTIES
OF FERROELECTRIC THIN FILMS

D.P. Vijay, C.K. Kwok, W.Pan, l.K.Yoo, S.B. Desu
Department of Materials Engineering

Virginia Polytechnic Institute and State University
Blacksburg, VA

ABSTRACT EXPERIMENTAL PROC.EDURE

The electrical properties of lead zirconate titanate (PZT)
films were investigated on Pt and RuO, electrodes. Films with Thin films of ruthenium oxide were reactively sputtered in

compositions close to the morphotrophic phase boundary showed an argon-oxygen atmosphere at a gas pressure of 10 mTorr and

high P, and low E,. values on RuO, electrodes. No significant at a substrate temperature of 200fC. The films were deposited to

fatigue was observed in the films on RuO, electrodes up to a thickness of 4W0 nm on thermally oxidized Si substrate.

2xlOi test cycles. The degradation properties were studied as a
function of film thickness by an accelerated unified test which can Sol-gel derived PZT films were then spin coated on the

evaluate fatigue and breakdown simultaneously. It was observed electrodes. The PZT precursors were prepared from a

that thinner PZT films on RuO, electrodes show better electrical metallorganic (0.4M) solution of lead acetate, zirconium n-
properties. propoxide and titanium iso-propoxide dissolved in acetic acid and

n-propanol. The solutions were hydrolyzed to form the
precursors. Precursors of different compositions were prepared

INTRODUCTION by varying the ratios ot zirconium n-propoxide and titanium iso-
propoxide to obtain PZT films with different Zr/Ti content. The

Recently, there has been a renewed interest in precursor preparation method was similar to that suggested by Yi

terroelectric materials for nonvolatile memory applications. et al4 and more specific details can be obtained from this

Ferroelectric memories offer distinct advantages over other reference. The films were spin coated at 1500 rpm for 20 sec and

nonvolatile memories in terms of faster access times, lower dried subsequently at 150'C for 5 min to obtain a thickness of

operating voltages, wider operating temperature range and 150 nm. The spin-dry cycle was repeated to obtain any other

radiation hardness. However, the lifetime of ferroelectric desired thickness of the films.

memories is an important factor that needs to be considered
before it can be applied commercially. Degradation problems
such as fatigue, ageing and low voltage breakdown are known to tn air. The films were characterized using EDAX and XRD to

affect the lifetime of ferroelectric devices, confirm the composition and the formation of complete
perovskite phase in the films, respectively. Ruthtnium oxide top

In an earlier work Desu and Yool have proposed an electrodes were then sputter deposited on the films under

electrochemical model for failure in oxide perovskites (a conditions similar to the bottom electrode deposition.

promising class of ferroelectric materials for memory
applications). In the present work, an attempt has been made to Hysteresis, fatigue and breakdown properties of the films

improve the degradation properties of oxides ferroelectrics based were evaluated using the RT66A standardized ferroelectric test

on the conclusions of this model, system. An external pulse generator (HP8116A) was used to
obtain the desired input signal during the test. DC leakage

According to the model, the degradation phenomena such current measurements were performed using a Keithley 617

as fatigue can be minimized by controlling the nature of the electrometer.

electrode-ferroelectric interface. The model also suggests ceramic
conducting oxide electrodes as possible replacements for metal RESULTS AND DISCUSSION
electrodes in thin film ferroelectric capacitors.

This paper investigates the degradation phenomena in The hysteresis properties of PZT films of different

ceramic elec, le ferroelectric capacitors. Lead zirconate titanate compositions (30/70, 40/60, 53/47, 65/35 and 75/25 : all annealed

(PZT) films e. c used in this study as the ferroelectric material at 650"C for 30 min in air) on RuO, electrodes were measured

because of their good electrical properties, wide operating range using the RT66A standardized tester. All the samples were
coated to a thickness of 450 nm. The films with Zr/Ti ratio of

and very good stability under a wide range of operating 53/47 showed higher remanent polarization (--20pL/cm 2 )and
conditions. In an earlier work2, we have shown that ruthenium lower coercive field values (-30 kV/cm). A typical hysteresis loop
oxide electrodes show excellent barrier properties to
interdiffusion of various elements in the ferroelectric PZT obtained from this sample is shown in figure 1. The 53/47
material and the Si substrate during high temperature processing composition is close to the morphotrophic phase boundary(arond 5ffC) cmpaed o oher eraic lectode su as(MPB) in the PZT phase diagram. At compositions close to the(around 650°C) compared to other ceramic electrodes such asMPbttergnladhmbhrlpassc-itad

indium tin oxide (ITO), ZrN and TiN 3. Thus, the obvious choice MPB, both tetragonal and rhombohedral phases co-exist and

of the ceramic electrode for this study was ruthenium oxide. The therefore there are a larger number of polarization directions

PZT films were deposited on Si/SiO 2/RuO. substrate using the that can be used for domain switching. This explains the higher

sol-gel method and characterized thereafter to investigate the Pr values and lower E, values that we observe for the 53/47 films.

degradation properties.
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hysteresis properties of the films before and after the fatigue
AtC/cmz cycling. This result is consistent with the model proposed by Desu

40 Zr/Ti-53/47 and Yool for fatigue of oxide ferroelectrics on ceramic
electrodes. The use of a ceramic electrode for a ferroelectric

30 .ceramic capacitor reduces the work function difference and
30oo 0 lattice mismatch at the interface. Thus, the interface is relatively

000 00° more stable when compared to metal electrode-oxide

20 0° ° ferroelectric capacitors. Under an alternating polarity, the
S o0 tendency for oxygen vacancies to become entrapped at the

0 interface is reduced. The reduced entrapment decreases the

0o 0 structural damage to the interface and hence, no significant loss
o in polarization is observed in the films.

H-. . - +-- • ----------I -

0 0 2 4 6V An accelerated unified test developed by Yoo and Desu5
o o

o o° was used to evaluate the breakdown phenomena in PZT films on
0 RuO, electrodes. This test combines the effect of temperature,

0 o voltage and cycliag frequency to accelerate the test conditions

oo0 000 and can measure the fatigue and breakdown properties of the

o°0 oo0o- films simultaneously. The films were fatigued at 2000C at a
° °° frequency of 1 MHz (square wave) and electric field of 0.16

MV/cm. The results of this test are shown in figure 35. While the
films show very early breakdown (within 2 x 107 cycles) on Pt
electrodes, no fatigue or breakdown was observed on RuO,

electrodes.
Fig. 1 A Typical Hysteresis Loop Obtained from

RuOx/PZT/RuOx Capacitors. Similar tests were performed on RuOIPZT/RuO1
capacitors as a function of PZT film thickness. The
measurements were conducted at 20MC and 300WC. Figure 4

40 ,iC/cmn 2 . compares the results of the fatigue/breakdown test for 150 nm
/ /and 450 nm films at 2000C. At this temperature, either of the

films do not show any fatigue or breakdown. Although the

S -v polarization values for both the films do show some degree of
asymmetry in the positive and negative cycling, the effect is more
pronounced in the thicker sample. The asymmetry is estimated

/ RuOx/PZT/RuOx to arise form differences in contact between RuOt) and PZT at

*- the top and bottom electrodes. The bottom electrode has
undergone a thermal annealing cycle with the PZT film on top of
it while the top electrode in the final device structure remains as-
deposited.

Pt./PZT/Pt At 300"C, the thicker films begin to show electrical

•N degradation above 106 cycles as shown in figure 5. However,
"* there is a high degree of asymmetry in the degradation. As is

S.5 evident form fig. 5, the degradation occurs essentially at the
1MHz Square wave bottom electrode. We believe that this may be due to a low

"0.16 MV/cm Schottky barrier height at the bottom electrode at higher
temperatures. It is possible that there is interlayer formation at

.25- •the interface between the bottom electrode and the PZT films

due to thermal processing at high temperatures that causes the
o compositional gradient at the interface to be low. At high

0• % temperatures, the oxygen vacancy migration through the interface
0 1,- is greater leading to ionic conduction and consequent degradation2 3 4 5 6 7 6l 9 1O0 I 11

1 10 10 10 10 10 10 10 10 10 10 10 10 of the films. For the thinner films, the low concentration of
defects could result in reduced migration of vacancies through

Test cycles the interface. Thus the possibility of ionic conduction leading to
degradation is less.

Fig. 2 Comparison of Fatigue Properties of
I'ZT films on Pt and RuOx Electrodes. Earlier work5 on the current-voltage characteristics of

PZT films on Pt and RuO, electrodes have shown :hat the films

The fatigue properties of RuO,/PZT/RuO1 films and on RuOt) electrodes show higher leakage current levels compared

Pt/PZT/Pt are compared in figure 2. The fatigue properties were to platinum. However, it has been pointed out that the pre-
measured under accelerated test conditions using I MHz square breakdown range is longer on RuO., electrodes whereas, the
wave and an electric field of 0.16 MV/cm. As expected, the films breakdown occurs abruptly on Pt electrodes. This is evident from
showed early loss of polarization on Pt electrodes. PZT films did the results of the accelerated test shown in figure 3. In general,

not show any fatigue on RuOt) electrodes up to 2 x 1011 cycles, at high temperatures there is a loss in polarization and an
As shown in figure 2, there was no significant difference in the increase in leakage current level in the ferroelectric films. In this

409



case, under an alternating field the leakage current level remains

Test time (see) almost constant at high temperatures on RuO, electrodes
02 13 4 whereas the films show an abrupt breakdown at 2x 108 on Pt

10 10 electrodes. The IN characteristics of RuO1 IPZT!RuO2 films
1.5--------I .3 i 1 T under a DC field were studied as a function of film thickness.

The results are shown in figure 6. At any particular electric field,

1.0 "- 4401o a lower current level is observed for thinner films. Also, the
breakdown field is higher for thinner films. The increase in
breakdown field for thinner films could be the result of bettci

S200 contact between the electrode and the PZT films. resulting inS0.16MV/cm Breakdown relatively higher Schottky barrier height at the interface. Thus,
the passage of ions through the interface is low over a wide range

S0.0 of applied voltages leading to a longer pre-breakdown range.

N

SUMMARYS-0.5
SBreakdown

o Pt/PZT/Pt The degradation phenomena in PZT thin films capacitors
z 1. was investigated using Pt and RuO, electrodes. The hysteresis

- 1.0 o-properties of PZT films were measured for different compositions
0 RuO /PZT/RuO (ZrfTi ratios) on RuO1 electrodes. The films with composition

5L Iclose to the morphotrophic phase boundary showed higher P, and
2 3 4 5 6 7 08 9 10 lower Ec values. PZT films did not show any significant fatigue up

110 10 10 10 10 10 10 10 10 10 to 2 x 101 cycles on RuO, electrodes while early fatigue was

Test cycles observed on Pt electrodes. The degradation properties of the
films on RuO. electrodes were evaluated as a function of
measurement temperature and film thickness using an

Fig. 3 Unified Test for PZT Capacitors accelerated unified test that combined the effect of voltage,
(Ref. 5) temperature and cycling frequency. The thinner films showed

better degradation properties even at high temperatures. Also,
under a DC field the thinner films showed lower leakage current
and higher breakdown fields. The reasons for these observations

'TesL time (see) could be attributed to the differences in the Schottky barrier

2 :t 4 height due to better contact between the electrode and the
0 1 10 10 10 10 ferroelectric and lower defect concentration with decreasing

150 v- y-T 1 r m thickness of the films.

I ITest timie (see)
c'l 2 3 4

00 - I 0 1 1 10 It) 10
----- 0 1.5 .. ;- r- . -- -

200 C A ---

0G.INMV/cl x .. •- 0.5 5

L. 0.

0. 00.15 /1111 1.0-0.

0.15 /05 p.in
0

> OA 5
S-10)0 I .- 2.0 0.15 /ixin

-------------------... @@ooe00 -2. •- 0.,15 pin

2 15 4 5 6 7 - 1 9 10 0

1 10 10 1O t10 10 10 10 1 10 10o -3.0 300 C
0. 16MV/ciii

Tost Veyles -3.5

Fig. I Coniparison of Fatigue/Breakdown oof 1. 0 0 Z 1 ', 1 0 5 o 1 10
"I 10 10 t0 I0 10 It) t0 10 10 10

RuOx/pZl/PRii(x Capacitors at 200 c
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Preparation and Characterization of Lead
Lanthanum Titanate Thin Films by Metalorganic

Decomposition

Ashraf R. Khan, In K. Yoo, and Seshu B. Desu
Department of Materials Science and Engineering
Virginia Polytechnic Institute and State University

Blacksburg, VA 24061

ABSTRACT modifier. The essential steps of the solution making procedure are
shown in Fig. 1. To prepare a O.4M solution, approximately I Og of

Lead Lanthanum Titanate (PLT) thin films corresponding to 28 propanol was added to a weighed amount of titanium isopropoxide
mol% of La were fabricated by metalorganic decompositon and stirred in an ultrasonic bath for 5 minutes to facilitate proper
(MOD) process . The films were made from two solutions of mixing. Then approximately 5g of acetic acid was added to this
different compositions. In the first case it was assumed that the system and was mixed in the ultrasonic bath ('USB' in the figure).
single unbalanced positive charge of La3+ gives rise to A-site or Then lanthanum acetate was added to the system followed by the
Pb vacancies whereas the other solution assumed the creation of B- addition of lead acetate. Proper dissolution was obtained by
site or titanium vacancies. Optical and electrical measurements heating the system to 60-70 oC in the ultrasonc bath (USB) for 10-
indicated that the films made assuming B-site vacancies had better 15 minutes. After the precursors dissolved completely
properties. It was also found from x-ray diffraction patterns that approximately 5g of acetic acid was added. And finally propanol
the films were cubic at room temperature. The films showed high was added to make the total volume 50 ml. By this process, very
resistivity and good permittivity values. The highest permittivity at clear solutions were consistently obtained. The solution, however,
room temperature was 1285. The resistivity values at room didnot have a long batch life.
temperature were as high as 1012 ohm-cm. !- T itanium msopi•ro po-xi de

INTRODUCTION
10 g Propanol

Increasing demand for miniaturization in the electronics industry . . IB/5 in
has sparked a special interest in high dielectric constant materials.
PLT materials owing to their very high dielectric constant in bulk Acetic acid

form are among the most sought after candidates for the potential Lathu A 5 ouin

application in 64- and 256- Mb Dynamic Random Access L h m t s i

Memories(DRAMs) among other applications. Also preparation 17 ---- . -
and characterization of PLT in the thin film form makes it directly -Lead Acetate -L
compatible for integration in the memory technology. _uSB/heat at 60-70*C

10 g Acetic acid j
With the above mentioned motivation thin films of PLT were 1i_
fabricated using metalorganic decomposition process. The MOD F- Propanol to 50 ml
process offers several advantages such as low processing .....
temperatures, close compositon control, ease of fabrication,
relative inexpense, and greater homogeneity.I Fig.1 The flow diagram for solution preparation.

Because La3÷ has an ionic radius comparable to the Pb 2l ions it Fabrication of Thin Films
occupies the comers or A-sites in the tetragonal perovskite
structure of PbTiO,. 2 There are two possible ways of neutralizing Thin films were spin-coated on the substrates using a photoresist
the extra positive charge from the La addition--creation of the spinner (Headway Research Inc) at an rpm of 1500 for 30 seconds.
lead or titanium vacancies. The chemical formula for PLT can, Sapphire substrates were used for optical property characterization
therefore, be expressed in either of two forms depending on the while Pt/Ti/SiO2/Si substrates were used for dielectric
type of vacancies measurements. After coating the films were baked at 150C for 5

(A) Pb,.1 sxLaxTiO 3, or minutes to dry out the volatile organic medium. This cycle wasrepeated until the desired thickness was obtained. After the last
(B) Pbl.xLa.Til_. 25.O 3  coating, the films were dried for 15 minutes.

In the present study, thin films were fabricated using both the The films were then annealed at elevated temperatures and their
formulae and their properties were compared. structure was studied. The heat treatment was always done in air

for 30 minutes.
EXPERIMENTAL PROCEDURE

Solution Preparation Characterization Procedure

The crystal structure of the films was characterized by x-ray
The precursors used to make the solution for PLT film fabrication diffraction. Scanning electron microscopy was used to study the
were lead acetate trihydrate Pb(CH 3COO) 2.3H20 from Fisher, microstructure. The thickness of the film was estimated by weight
aqueous solution of lanthanum acetate La(CH 3COO)3 Molycorp, difference and also more accurately by the optical transmission
and titanium isopropoxide Ti(OCH(CH 3)2)4 from Fisher. Acetic spectra.
acid and n-propanol were both used as the solvent and chemical
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The optical properties of the films deposited on sapphire were
measured using a UV-VIS-NIR spectrophotometer (UV-3101PC,
Shimadzu Corpn). The envelope method was employed to
calculate the refiactive index and the thickness of the film) .. -,

For electrical measurements the films were spin coated on
PL`TiiSiO2'Si and after appropriate heat treatment top electrodes of
palladium were sputtered using vacuum evaporation. The area and & ",
thickness of the top electrode were 2.1x10 4 cm- and 400 nm IA 4.
respectively. The dielectric constant and loss measurements were t . ..
done using the HP4192A impedance analyzer. The time dependent
dielectric breakdown study was done on the RT66A standardized
ferroelectric tester. Fig.3a SEM micrograph of film A annealed at 600FC for 30 min

RESULTS AND DISCUSSION

Crystal Structure .

As mentioned in the introduction thin films were prepared
assuming both A- and B-site vacancies. For convenience they will
be referred to as type-A film and type-B film, respectively. The x-
ray diffraction patterns for both films were very similar. The
variation in the x-ray diffraction pattern as a function of annealing
temperature for the type-A film is shown in Fig. 2. The structure
is single phase cubic with lattice parameter a = 3.924 A. Also
before perovskite phase formation no other phases, such as the
pyrochlore phase appeared. There was no change in the intensity Fig.3b SEM micrograph of film B annealed at 600'C for 30 rr.n
of the diffraction peaks beyond 600C indicating that the perovskite
phase formation completed somewhere between 550 and 600 C. Optical Propertie

Measurement of optical properties brought about the most striking
differeice between type-A and type-B films. Upon heat treatment
"the films-A invariably start becoming cloudy after 500-C though
they are quite transparent before that temperature and yield
transmission curves more or less similar to the type-B films. The

S3- dark regions in the micrograph of type-A film in Fig. 3(a) mightSo o T o
,,- ,have some deleterious effect on the optical properties. Even in the

., case of bulk PLT formula A consistently does not give transparent
samples.4 Further work in this direction is underway.

S.650
The transmittance vs. wavelength pattern is therefore not reliable

"600 "after 500C for type-A films. On the other hand type-B films give
" .,600 excellent transmittance curves and the transparency is always very

good. However, it was found that for a given annealing
Atemperature below 500C refractive index was higher for type-A

. . • "-" ~-•--• 500 "r than for type-B films.

40 L) .The refractive index and the thickness calculated from the
150 transmittance vs. wavelength curve using the envelope method are

shown in Fig. 4 for bothtype-A and type-B films. The refractive
60 40 20 index value was found to be around 1.96 for perovskite( above

S2 500C ) type-B films.

Fig.2 XRD pattern as a function of annealing DIELECTRIC PROPERTIES
temperature (film A on sapphire).

The dielectric constant and the loss tangent values as a function of
I e film surfaces do not show much morphological features. Two applied frequency at I V (orfield of 30kV'cm) for type-A and
typical SEM micrographs are shown in Fig. 3 for films annealed at type-B films are plotted in Fig. 5. The permittivity and the loss in
600"C for 30 minutes. Fig. 3 shows the structure of type-A film general both decrease with increasing frequency. The type-B films
and as can be seen the film has small dark regions throughout the showed higher dielectric constant as well as slightly higher
micrograph. This could be either due to porosity or the presence dielectric loss than type-A. As is shown in the figure, at around
of amorphous phase. The micrograph of film-B in Fig. 3(b) shows IMHz the dielectric permittivity as well as the loss value starts

fine microstructure. Typical grain size for these films range increasing rapidly with frequency. It might be due to resonance invery 0.1 microntoc0. micr n Th e l or the f lm the electrical test circuit.' It was also observed that decreasing thefrom 0.1 micron to 0.2 micron. The larger regions on the film apidfedvlerslsi nices ntedeeti
might be clusters of grains. applied field value results in an increase in the dielectric

permittivity value.
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The change in the value of permittvity with temperature is shown
in Fig. 6 for the type-A film. The behavior for type-B was similar.

O - O 1 1041 PL.(28)
a"0 -- • 10 k14Z Thickness = 350-,•

0 - Hz A, ea = 2 AE-04 c2
0• V.PP4e.4 I0< Vl

0 40

, 01 ("14 0 0C

Fig.4a Refractive index of film A as a
function of annealing temperature 500 40 70 0

I o 40 70 100

-- -- -- 4 (5 Tenopeatu'e (C)

1 980
PIT (26%) 0 120 Fig.6 Variation in the dielectric constant of PLT (28)

1 9 60 * films with temperature (film A).A 405 E

o A¢

c 1 940 A.0

0 A C

1 9-,0 0
-- AA\

• 90 Time Dependent Dielectric Breakdown
1 900 O

The breakdown of the dielectric after a certain period of time
0oo 200 300 400 500 600 700 under a fixed applied field lower than its breakdown strength is an

Ar, ... oti, Tclpel,•t,, ('C) important parameter that governs the performance of the dielectric
in the memory capacitor. RT66A tester was used to measure the

Fig.4b Refractive index and film thickness of film B as a performance of PLT thin film with time at a fixed applied dc

function of annealing temperature. voltage of 20 volts. At room temperature the value of resistivity is
very high and even at the voltage level as high as 20 V no

S....... breakdown was observed for more than three decades. However
"".. ,2B the same film showed much lower levels of resistivity and a sharp

... 0,4,, drop in resistivity after one and half decades when the

--- measurement was done at 300C(Fig. 7(a) and 7(b)) indicating the
drastic impact of temperature on the performance of the memory

ý 0 cell.

A A 0 14 ', Z

, .,i ) -M - (FI14
011$ 11,13

Fig.5a Dielectric constant and loss tangent for film A
as a function of applied frequency. E,---•

350 , PLT(28) ol iooin te..perotue

0I 00 1TE11 Vopphied = 20 V DC

tchiCkness = 350 n,-i
A,eo = 2 1-10 - ,,,2

A 1 10 -00 11-00
A A A ,e sc" ! • •rne (seo)

>1Fig.7a Time dependent dielectric breakdown (TDDB) behavior

IF...,) of PLT (28) at room temperature at an applied voltage
(,. ,) 20 V.

Fig.5b Dielectric constant and loss tangent for film B
as a function of applied frequency.
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Fig. 7b TDDB behavior of PLT (28) at 300*C at an applied
voltage of 20 V.

CONCLUSIONS

PLT thin films having 28 mol% La were fabricated successfully
using metalorganic decomposition. The films were made
corresponding to two different formulae; assuming A site and B-
site vacancy compensation, respectively. The dielectric
permittivity was higher for type-B films. Morover, type-A films

became cloudy as the annealing temperature was increased over
500C. In other words, type-B film, which had an excess lead

gave more transparent films. Therefore it can be concluded that
assuming B-site vacancies results in better quality PLT films. The
best dielectric permittivity value obtained at the applied voltage
level of 1.0V was 1285 while the lowest loss value was 0.33.
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THE USE OF DESIGN 0" EXPERIMENTS TO EVALUATE THE RELIABILITY OF
FERROELECTRIC NONVOLATILE MEMORIES

T. D. Hadnagy, S. N. Mitra, D. J. Sheldon

Ramtron International Corporation, 1850 Rarntron Drive, Colorado Springs, CO 80921

Abstract Capacitor Data

A full factorial experiment was performed on 4K ferro- Individual capacitors were measured using the standard
electric random access memory (FRAM®) devices to Sawyer-Tower circuit. The pulse sequence and nomen-
determine their fatigue performance as a function of clature are shown in Figure 1. Figure 2 shows how the
fatigue temperature, fatigue voltage, read/write voltage, positive and negative switching and non-switching (P,
pattern, and number of cycles of fatigue. The resulting N, U, and D, espectively) portions of the hysteresis
response surface of short term retention (10 seconds at loop are mea.,red.
80 0C) and long term retention (40 hours at 100*C), as
well as product functionality were the metrics used to Figure 1.
evaluate the product performance. An empirical model
was used to predict yields and product performance. s&W)r, Aft-wct *

Based on this model, process modifications were under-
taken to improve the performance of the product fabri- FE Scope

cated with PZT (nominal composition - Pb.o10Zr0o48  Soure

Tio.5203.1o). As a result, better than two orders of magni-
tude improvement in product performance over operat- L
ing conditions was seen. The paper will discuss in detail
the nature of the experiments performed and the results
of process modifications. In addition, the resulting tech- Puke SeaWquin for SwIttchg Akaswmt

nique has been used to evaluate present product as a P U
benchmark to assure our ability to continuously improve
product performance. ,ntr0odction

liisec Isec N D

One of the important capabilities of a nonvolatile mem-

ory is not only its ability to store information but how
many different times this can be done. There is a con- Figure 2.
cern that data retention interacts with fatigue. A fatigue
cycle (endurance cycle) is defined as one read/write .
cycle. Ramtron was interested in knowing the functional _ u
behavior of retention in response to number of fatigue U P
cycles. To that end, a great deal of work has been done
at Ramtron and within the industry on the functional
fatigue behavior from a capacitor standpoint. Capacitor N D

data is useful in order to determine the mean behavior
of different design and process combinations. It is not
proven that all large area capacitor data can be mapped
directly into product performance. Therefore it is impor- P u
tant to measure this material and process interactions on
the circuits in question. It was also of great interest to
understand the statistical behavior of our product and to _
be able to model it. In particular, we had a specification N D

on the product that le8 cycles at use conditions would N D

not adversely affect the product performance from both . t
a functional and retention standpoint.

CH308() 00-7803 -0465 -9/92$3.WX) IEEE 416



Figure 3.
FATIGUE FOR SAMPLE: 22901-12

Vin = 5V AREA = 20X 20 um F = 625kHz
I 4- --- + -- -_ _

20

10

le+07 le+08 le+09

# FATIGUE CYCLES

Figure 3 shows the degradation of switch charge as a tion even after the electric field is removed. The ferro-
function of room temperature, 5.0V, bipolar switching electric crystals therefore have two permanent or stable
pulses for the material that was used for our first genera- states, and it is this property that is used to store digital
tion product. This capacitor data showed that the data within the fierroelectric cell.

amount of switched charge was greatly decreased after

le9 cycles of fatigue. In addition, there was indication During a write operation to the memory cell (refer to
that the available charge was degraded and was within Figure 4), data is transferred from the 1/0 pins to the bit
20 percent of the value that was detectable by the cir- lines. When the word line is enabled and the plate is

cuitry of the parn. Our objective was to determine if pulsed via the plate line, the data will be stored by
product manufactured from the same material and polarizing the ferroelectric cell in one of its two stable
process would show similar sensitivities to fatigue sta.ýs.

cycles as shown by the capacitor data and whether it

woul cotinu toretan dta aterI e8cyces.Figure 4. Circuit Diagram of the Basic Memory Cell

Device Performance
Bit Line True Bit Line Complement

The basic memory cell of the 4,096-bit (FRAM) device
organized as 512w x 8b is shown in the circuit diagram Wor Line.J
of Figure 4. This memory cell uses a two-transistor, WodLe•

two-capacitor structure and is manufactured in a 1.5-
micron Si gate CMOS technology.

The application of an electric field can polarize a ferro- Plate Line \,
electric cell. A reversal of the electric field orients theV
polarization of the dipoles in the opposite direction. The Ferroelectric Capacitors
ferroelectric crystals retain their orientation or polariza-
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To read data from the memory cell, the N channel pass Analysis
transistors are enabled with the word line going active
high, and the difference in polarization is sensed by the The resulting experiment was completed and then mod-
sense amplifier to determine the data state stored in the eled using a statistical software package called "RS
cell. The read operation requires the data to be rewritten Discover" created by BBN Softwaie 2. The results indi-
or restored to the original data in the cell. This is done cated that the fatigue voltage and the number of fatigue

by switching the polarization and is done automatically cycles were the only parameters that were important in

as part of the read cycle, modeling the behavior of the product. There was a weak
dependence on the read or write voltage of the retention
tests. This behavior was the same for the bit failure rate
as well as the part failure rate. The model indicated that

A fatigue or bum-in oven was designed that would the part failure rate at nominal conditions (5 volts, room
a f or ureading and on different patterns at differ- temperature) would be more than 60 percent and that
eallow for weading and votingldiffere patterns at of same 60 percent would also fail long term retention. In
ent temperatures and voltages. The s''stem is capable of addition, the failure rate was independent of the pattern
cycling product with a cycle time of I microsecond written or the temperature at which the fatigue was per-
from room temperature to 150*C. In addition, the formed. The bit failure rate was predicted to be about
fatigue cycles can be performed from 4 to 7 volts in 400 bits per die. Figure 6 gives a response surface
increments of 200 millivolts. model of the results. This model allows us to predict

product performance under a number of different condi-
tions. This in turn allows us to predict what our cus-
tomer base might see for product performance. The

The fatigue tests were done on our 4K product from two result was that the product was not performing to the

different production lots. The capacitor is made of lead stated specification conditions.
zirconate titanate (PZT) with a top and bottom electrode
as published in IEEE Spectrum, Volume 18, No. 71. The Ramtron therefore embarked on a series of designed
maximum read access is 250 nanoseconds and 500 experiments using this technique to evaluate the effect

nanoseconds maximum read or write cycles. Parts were of different process changes to improve product perfor-

packaged in standard 24-pin SOPs (small outline pack- mance. The process changes resulted in the following
behavior as measured over five production lots and over

ages). 1,000 parts.

A designed experiment was developed with the follow- 1) The short term retention (shown to a 95 percent
ing factors: temperatures of fatiguing, fatigue cycles, simultaneous confidence interval) indicated that at
fatigue voltage, pattem, and read or write voltage. The Ie8 cycles the failures were between 0 to 1.3 percent
responses that were of interest were short term retention of the product with a mean of .2 percent.
(10 seconds) and long term retention (40 hours at
100°C). All measurements were made at 80'C. The Part 2) The long term retention behavior (to a 95 percent
failure rate and bit failure rate were measured for each simultaneous confidence interval) indicated that at
test. The experiment was a full factorial design with a 1e8 cycles the failure rate was the same as zero
total of 54 cells. The fatigue cycling was done with a cycles of fatigue.
"solid zero" pattern. Figure 5 lists the factors and related
levels that were used in the experiment. 3) Long and short term retention and functional tests

after 3.5e9 cycles at 125°C showed to a 95 percent
Figure 5. confidence level no change in the failure rate as

compared to zero cycles. These results indicate a
better than two orders of magnitude improvement in

Experimental Factor bilge of Factor the fatigue performance of our product. This low

Fatigue Temperature 25, 850C level of failures prevented us from developing a

Fatigue Voltage 4, 5, 6 Volts response surface model.

Fatigue Cycles 1e6, 1e7, le8 Cycles To ensure that this level of performance is maintained,
Ramtron has put in place a SPC based monitoring pro-

Read/Write Voltage 4.5, 5.0, 5.5 Volts gram. The parameters being monitored are percentage
Read/Write Pattern Row and Rowbar retention loss after le9 cycles as vwell as retention loss at

zero cycles.
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Figure 6. RETENTONl AT 40M, BIT FAILURES, PAW FAILURES
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Ile use of a designed experiment allowed the develop- I "Ferroelectrics for Nonvolatile RAMs," EE
ment of a model that would predict part performance. Spectrum, vol. 18, no. 7, pp. 30-33, 1989.
Using this information as a metric of product reliability
and quality allows one to improve performance by more 2 BBN Software Products, A Division of Bolt Beranek
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PURE AND MODIFIED LEAD) TITANATE THIN FILMS BY SOL-GEL

D. M. Tahan and A. Safari
Department of ('eramuic Science and Fingincering

Rutgers, The State I.1n1versity of New Jersey
Piscataway, N. J. 08855-0909

Abstract

Pure and modified lead titanate thin films fabrication of tcrroel cc ric thin filnms. I ,
were fabricated by spin coating an alkoxide based technique provides a sol t lon it) somc i1 the
solution onto platinum coated silicon substrates. problems encountered in convennat l .Itabrik'catito

The solution was made by combining lead acetate techniques. Modern cer'mic ti" thlolog\, i equircs
trihydrate, titanium IV isopropoxide and high purity which can be obtained f ithe sol gel
diethanolamine in isopropanol with lanthanumn as a process. Extremely honlogeicn • ii ihn [hill m slth

dopant. Various heating schedules and techniques lower processing temperatures can be s,,nthcsi/ed
were examined to optimize the dielectric and because the precursors are mi\cd ,is liquids. A\Iso.
microstructural properties of the films. The films compositions can be etasilf a diusecd for the
were tested for dielectric and hysteresis properties, optimization of properties of the flins.4 ./ Anothce
and were characterized by XRi), SEM, DTA, and TGA. advantage of sol-gel is that it faciliitates the
Perovskite Pb11i() was found to form at fabrication of films on substrates with large or
approximately 400"C and could be obtained by complex areas.
heating for short soaking durations of I0 minutes There are several different ilnchlod, bv which
per layer. Measured at I kltz, an average dielectric the gel can be applied to the substrate. Ihe first is
constant of 4110 wa:" ohbtained for pure lead titanate dip coating which involves •sithdrai ,ing a substrate
films heated at 500 0C for I hr. Hlysteresis out of a solution at a constant rate. A simnilar
measurements taken on these filins at 100 liz technique involves keeping the substrate stationarv
revealed an average remanent polarization of II and lowering the liquid level. Anothei method is
p.C/cm2 with a coercive field of approximately 75 spin coating which involves spinning the substrate
kV/cm. The films doped with 51X lanthanum at high RPM and spreading the solution by

exhibited a dielectric constant of 925 with a centrifugal force. Spraying is a technique which is

coercive field of 52 kV/cia and a remanent mostly used for applications which do not require

polarization of 25 ptC/cm2. thin films with strict thickness toleraitees. S

Although most of the research on ferroelectric

Introduction thin films by sol-gel to date follows the techniques

Ferroelectric pure and lanthanum modified reported by Gurkovich et al6 and Budd et alt, a

lead titanate, PbTiO3 (PT) and (Pbt-1.tx,Lax)TiO3 method similar to that used by Takahashi et a17 .8

(PILT), thin films have many applications due to the was chosen for this study.') Although melal

piezoelectric, pyroelectric, and electro-optic alkoxides, such as titanium isopropoxide. are very

properties of these materials. Some of these unstable to hydrolysis, the addition of a small

applications include IR detectors, pyrodetectors, amount of diethanolatnine ( lEA) aids in the

SAW substrates, and waveguide devices.1.2 The use stabilization of the alkoxide solution. 7.8  Also, IFA

of PT and PLT in the thin fifn geometry as opposed enables lead acetate trihydrate to be soluble in an

to the bulk form allows for greater design flexibility alcoholic solution. Another interesting point about

and more economical processing. 2  this process is that additional hydrolysis and

Ferroelectric thin films can be fabricated by polymerization steps are not necessary to convert

sputtering, chemical vapor deposition (CVD), and the sol to a gel. The water present in the lead

metal-organic chemical vapor deposition (MOCVD). acetate trihydrate is sufficient to cause the
These methods involve drawbacks such as reactions to occur, producing a water to alkoxide

expensive equipment, complicated chemistry, and ratio of 3:1.7,8 In this study PT and PfT thin filis

high reaction temperatures. Other problems with prepared by spin coating were analyzed for their

these techniques are difficulties in adjusting microstructure and ferroelectric properties. The

conmposition for the optimization of properties, effect of different processing conditions on the

inhomogeneities, and the fabrication of suitable properties of the films is studied extensively and

targets. 1.3 The major disadvantage of these discussed.

methods is the difficulty in controlling the
stoichiometry while fabricating mnulticomponent ExperimentIl
oxide fiins. This problem results from differences A lead titanate solution was made following
in the sputtering rates of the components or the tile procedures of Takahashii. e al.7,8 l:igurc I is' a

vapor pressures of the CVI) precursor reagents. 4 flow diagram illustrating this process. The first

Sol-gel processing has recently been receiving step in the solution preparation was to make a ().5M
attention as an alternative method for the solution of titanium IV isopropoxide in isopropanol.

Ctt 3080-0-7803-0465-9/92$3.(X) ©IEEE 420



mix eliminated by a viscous tio%% sintering mechanism 4

MIX when the films were heated in a furnace at 400-
0.5 M Ti IV Isopropoxide 600'C for I hour. This process , as repeated until

in Isopropanol tihe desired film thickness , as achie,,ed.

The films were analyzed b, XRD, SEM and
ADD -"optical microscopy. The dielectric constants of the
AIM) n f ills were calculated from capacitance

iequmlolarl m lie (measurements taken at I kliz. I he remanent
I)iethanolam ine I)l~i\ polarization and coercie field ,alues of the films

were measured at 100 ttz using a h).steresis bridge
SI R) circuit. These properties were determined for films
STIRoo wthich were prepared wk ith \ arious processing

I hr a•t rooml tei pteratuore
t, parameters and were compared.

AID) Results and Discussion
Pb Acetate Trihvdrate The DTA/TGA analysis of the dried PT gel
la Nitrate Pentahldrate shown in Figure 2 illustrates that the p~rolysis of

organics begins at appro, in aelIN 3 00C and
STIR continues until approximatee I \ 360C. Al so,

until dissolved, aprox. I hr cry stallization of PT is seen to occur at
approximately 440"C.

Several parameters. such as spinning speed
.i A\ DD and time affect the qualit of thin films fabricated

D)ry at appro\. I•sopropanol to desired by spin coating. Filmis coated six times at 3(10(0

180'0/24 lr,, concentration R PM for 25 seconds developed cracks which ran
throughout the samples. ,ach laver was measured
to be approximately 250 nm thick. A second set

DTA Spin ('oat of samples was made in a similar manner but with
Films a higher spinning speed of 7500 RPM and with the

iure 1. [low chart I thtile solution same spinning time. Each laer \, as measured to be
Silutrating 1 10 nm in thickness, and the quality of the films

preparation process. was greatly improved. The cracks in the samples

only existed on the outer perimeter of the films,

Ant equirinolar amo nit of* l was added to this leaving the center of the films free of defects. A

soleution, land itntun at room Vatemperatured or th third set of samples was fabricated at a mnedium
solution, and it was stirred at roon temperature for spinning speed of 5000 RPM for an extended
1 hour. Lead acetate irihydrate and lanthanum spinning time of I minute. Each layer of these
nitrate pentahydrate were added in the appropriate samples was measured to have a thickness of
stoichionietric proportions. This ', as stirred until a approximately 180 nin. and tile resulting films
clear solution developed (,appro imately I hour). were very similar to the previous samples with
This process vielded a 0.5 \1 solution of (Pbj- cracks only on the outer perimeter of the films.

1 .5,La ) Ti 31. To decrease the concentration, These results indicated that each la\er of the filins
isopropanol was added. A sample of the solution should be no greater than 200 nm in thickness in
was dried at 18)XXC for 24 hours. I).,\ and TGA order to develop crack free films.
analyses were then performed on the dried gel.

The filins were spu.' onto platinum sputtered 185
Si substrates* at various RPM and spinning times 3

with an In tegrated [cclIitol og iecs P-6000 spin
coater* . After each coating. the substrates were 2

placed on a hot plate at 1 80'C for 10 minutes to 95
dry. In this step the gel shrank and lost weight
through the evaporation of solvent and adsorbed I 9g
water. This is at critical step in the processing of the
films because cracks and other defects are most " 85

likely to develop in this stage. Tile hot plate
temperature was then increased to approximately
350'C anId the fihin was heated for 15 minutes. This i
was (lone to pyrolyze the organics. which left tiny
pores throughout i'e filIn. These pores were ltter

a 299 499 G6s 899 Ion 1210"Sitli •on Outc.i. % Iontrc.,. (CA .\ t RIFTtRE, 'C

Ililcgralcd tct fl•' luLIcs. \t1.. tlxhlwcl. M,1 .\ Figure 2. DTA/TGA analysis of drie(i PT gel.
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lo increase (lie hl iLknC,, ot the ,pin coated Iable I. Die lectric consltant and tan 6 xalues at
tirns. thicker samples \•erc made b\ spinninig i arious heating temperature,.
,,e\ eral la,,ers onto the substrate, ellmplo) ilug a
p.\rolysis step between eac.hi ,a\ ci and heating the
films once the desired thickncs ,,,is obtained. It Temperature 400"C 500"C 600'C

was noticed that after the application of 4 laxers
tapproximatel, 440 nu) cracks hegan to develop. Dielectric 170 410 375
I'o ensure crack free films, a heating step was Constant

performed after each coating. Tano 0.065 0.035
A set o f s at p I es p. heated alI various I _

temperatures for I hour ýa,, fabricated in this
manner until a thickness of t0 IaNcrs Vas, obtained. for I and 0.5 hours, respecti\el,,. The XRD patterns

The XRD patterns for these samplcs can he seen in exhibit the diffraction peaks characteristic of

Figure 3. All of the patterns appear similar and perovskite PT, even for the shortened soaking time

exhibit the formation of perovskite lead litanate. of 0.5 hours. Table 2 lists the measured electrical

Table I shows the dielectric constant and loss properties for these films. It can be seen that the

values for these films,. It can be seen that the dielectric constant decreased ith shortened

samples exhibited a maximum dielectric constant of soaking time from 350 to 211. The coercive field

410 at 500ZC and a minimum of 170 at 400'C. The for the samples increased ,with shortened soaking

maximum tan 6, 0(.065, occurred at 40()C and the time from 55 to 8( k/,icm, and the remanent

minimum of approximatcI 0.035 occurred at polarization remained constant \ ,ith a Iok, value of

500'C, Figure 4 graphs the renianent polarization 2pC/c i 2.

and coercive field against heating temperature. The A second heating technique %k as used to

remanent polarization was ma\Iilmum ( 11 jAC/crn2 reduce the fabrication times of the films. This

at 500 0 C, and then saturated at a value of method involved ramping the films up to the

approximately 6.5 1.iC / c m 2 with heating soaking temperature at a very fast rate of

temperatures above 550'C. The coercive field 600'C/minute in a tube furnace. The films were

increased almost linearly with temperature from a then heated at this temperature for short times of

value of approximately 75 kV/cm at 5000 C to 115 10 and 15 minutes, and were cooled dowAn at the

kV/cm at 600'C. same rate. The XRD paiterns for these samples can

All of these results were obtained from be seen in Figure 6. Peroxskite PT peaks were

samples which were heated from room temperature present in the XRD spectra of the films processed

to 600'C at a rate of 3.5 0 C/minute. The samples with these short soaking times. The electrical

were held for a soak of I hour, and were then properties for these samples are also listed in Table

cooled to room temperature. Because it was 2. The dielectric constant again decreased with
shortened soaking time from 24(1 to 15(0, aiid the

necessary t) implement this schedule after every

coating to prevent cracking, the fabrication time for tan 8 increased from 0.05 to 0.10. A coercive field

one film was quite ono. To shorten the fabrication of 60 kV/cm and a rematient polarization of I

time of the films, various other heating techniques faC/cm2 were obtained for the samples with a

were tested. soaking time of 15 minutes. although the sample
The first method was to place the films with a soak of 10 minutes did not exhibit

directly into a furnace preheated to a set hysteresis.
temperature. Figure 5 shows the XRD spectra of 15 140

samples made in this fashion and heated at 6000 C -
(100) I' ( -120

12120

(101)(001) z 1O00
110)(201) 9'550(C (111) (210N 80

(002) (102) (112) (211)

... a -- ------- 60 -,
_ 6

5000C45,'' "/! u•z"'0•.;

S40

Z 3 ' COERCIVE FIELDS'< "~20 ,

-0- REMANENI IPLARIZATION 20

0 0
480 500 52(0 54() 560 58(0 60( 620

HIEATIN(; TEMPERATURE (C)
Figure 3. XRD analysis of PT films heated at various Figure 4. Remanent polarization and coercive field
temperatures. vs. heating temperature.
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Pure PbTiO13  Table 2. Electrical Properties.

Heat Treatment Time! K tan 6 Ec (kV/cm) Pr (4± C/cm 2)

at 600*C layer 1 kHz I kHz 100 Hz 100 Hz

Preheated 60 min_ 350 0.080 55 2
Furnace 30 mi 210 0.025 80 2

Fast Fire -15 min 24 -0 0. -05 -0 60 1 -

10 min 150 0.100---

(Pb 9 2 5 'Lao0 5 )Ti0 3 ________ ____ ________

Conventiona I
Heat Treatment I hr 82 5-L 0085 52 25
at 600*C _ ___I___

quality of the films. amnd small additions of L~a has C
it significant effect on the dlielectric: arid]

(100) (0)ferroelectric properties of the filmi,.
(101)0 Ac know ledcernient s

(200) (10 he authors would like to thank the National

(200 Science Foundation and Alcoa Research Foundation

600'C/ I hr (201(112))(22111) for their support ot this research.
00)(10(2) 1210) Refecre nce s

IlI S. L. Swar/, S. J. Bright. .1. R . Busch and T. R,
6O00"(70.55 hr Shrout, Sol -Gel Processing ot ic rroc lectric [Ihini

Films", presented at the Ceramric Science and
Figure 5. XR D analysis of P1' filins heaited in aTechnology Congress. Anaheim. CA. November
preheated furnace. 2. 1989.

1101 Pt121 L. Ni. Sheppard, "Advances in Processing of

(100) Ferroelectric Thin Films., Ceramic Bulletin. Vol.

001 200J71, No. 1. pp. 85-95. 1992.
(110)131 K. D. Budd. S. K. Dey and D. A. Payne. "Sol-G~et

6000CC(0)12 Processing of PbTi03. P~b/r03, P/il and PUT.
/1 ! t(002) (0X1) 21) Thin Films'. British Ceramics Proceedings. Vol.

(i02210)36. pp. 107-121, 1985.

141 G. Yi and M. Saver. "Sol-Gel Processing of'
60(YC/ 1(0) illComplex Oxide Films". Ceramic Bulletin, Vol. 70.

Figure 6. X RD anals sis, of PT lfi ins heatled w'ith at No. 7. pp. 1173- 1179. 1991.
rate of 600'C/mnin. 151 L.. Ei. Scriveri. "Ph~s ics arid Applications of (lip

coating and spin coatinrg-. Materials Research
Lanthan um-doped lead titanate films. Symposium Proccedirls. Vol. ]'-I. pp. 717-729.

(Pb.9 2 s. La.0)TiO3 . were prepared by hreating to 1988.
600'C for I hour after each coatin,!. The dielectric 161 S. R. Gurkovich and J. B1. Blunt. "Preparation of
constant was mieasured to be 825 with at tan 8 of Monolithic Lead Titanate bN' at Sol-Gel Process"
0.085. The coercive field and renianent polarization U Itrastructure Processine- o"f C eramnic,,. Glasses
for these samples wats .52 kV/cin anid 25 prC/ctni2, and Composites. L. L. Ilench aind 1). R. Uhrich.
respectively (Table 2). New York: Wileyv-lriterscrerrce, 1984. pp. 152-

I 60.
Conclusions 171 Y. Takahashi and K. Yaniagtichi. "Dip-Coating

Homogeneous lead ti tanatle thin frims were Conditions and Modification,, of Lead Titanate
made by at sol -gel technique. with crystal lizatiorn and Lead Zirconate Titanate Filmrs" . Journal of
temperatures ats low as -100 C . Pirriurneters. such as Materials Science. Vol. 25.; PP.3950 3955. 199(1.

spinninirg speed anrd lpn i me ti atltected thre 181 Y . Takahashi, Y . MIAtSuokit. K. Yamnaguchi. M.
quality of the fi lins. A thick ness of' approximately Matsuki. and K. Kobayashi . "I) ip Coat inrg of PT.
200 nmi was determined] to be the mnax imiu il PZ. and PZ7T F i Irins L1 sing an Alkoxide
thickness for each i a e r in order t o pre vent Diethanolainiine Methrod*'. Journal of' Materials
cracking of the film i. To produce hiigh qluali ty Science. Vol. 2-5, PP. .390(03964. 1990.
thicker f ilmis, at rinulIt iIitave r te chntiq Iu e was i I S. J. Milne and S. It. P\Ke. 'Modified Sol-Gcl
performed by heating the fili m after eacti coat inrg. Process for the P'roduIc tion of Lead 1'itanate
It was also conecluded thIiat (I i ft e re iti theat ingm FilIns". Journal of the A merican Ceraminc s
techniques and( temperatures have air effect onl lie Societ-y. Vol. 74. pp. 1407-1I410. ]()()1,

423



EFFECT OF Zr/li STOICHIOMETRY RATIO ON THE
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Abstract constant and T., the Curie point. PT-rich and PZ-rich compositions
belong to the tetragonal and rhombohedral modifications respectively

A series of sol-gel derived PZT films with Zr:Ti ratios of the perovskite crystal structure. In the PZ-PT phase diagram, the
including 100:0, 94:6, 80:20, 65:35, 53:47, 35:65, 20:80 and 0:100 was rhombohedral-tetragonal boundary is the most important feature,
prepared on platinized Si wafers. The precursor chemistries were termed the morphotropic phase boundary (MPB). It is located at
based on lead acetate and Zr/Ti aikoxides containing the appropriate about 53 atom % Zr or 47 atom % Ti (PZT 53/47). Not only is the
amounts of cations in the required stoichiometries. Excess PbO was dielectric constant highest at this boundary, but also the
incorporated to compensate for PbO loss during processing. Films electromechanical coupling factor and piezoelectric coefficients
were fired to 700C where they were all single-phase perovskite as achieve their maximum values herel.
determined by XRD. Microlithography was performed to obtain Pt-
PZT-Pt monolithic capacitors with 130 um square electrode pads. Recently PZT films have attracted considerable attention for
Ferroelectric properties were obtained on these pads using a Radiant applications in ferroelectric memory. The numerous techniques used
Technologies RT-66A Tester while the leakage characteristics were to prepare PZT films include magnetron sputtering2 , diode
measured using a Keithley 617 Electrometer. The dielectric and sputterinea, e-beam evaporation", laser ablation5 , plasma sprayinge,
ferroelectric properties of the PZT films were highly dependent on MOCVD7, and sol-gel methods8.
composition and processing conditions.

Most of the attention has been focused on the MPB
Introduction composition, namely PZT 53/479,' '. There is, unfortunately, scant

attention in the literature on exploring the effect of Zr/Ti ratio on
Lead zirconate titanate (PZT) is a widely explored the FE properties of PZT films' 1". The film properties are

ferroelectric (FE) material utilized for its FE, dielectric, electro-optic, expected to vary since the crystal structure and ferroelectric nature
acousto-optic, pyroelectric and piezoelectric properties in both bulk (whether ferroelectric or antiferroelectric) change with Zr/Ti ratio.
and thin film forms'. PZT is a solid solution containing lead :itanate
(PT) and lead zirconate (PZ) in various stoichiometric ratios. PZT
x/y refers to Pb(Zrx/ 100Tiy/100)Oswhere x,y!5100 and x+y 100. Experimental
The PZT phase diagram is shown in Fig. 1.

The general chemical formula PZT x/y for the various PZT
compositions studied consisted of Pb1 1Zr/, ,10 Ti/ 10003where

x,yl100 and x+y= 100. The specific compositions chosen cover the
500 range of tetragonal, orthorhombic or rhombohedral modifications of

PZT, namely PZT 0/100, PZT 20/80, PZT 35/65, PZT 53/47, PZT
65/35, PZT 80/20, PZT 94/6 and PZT 100/0.

3 -The precursor solutions were prepared using lead acetate and
30 ATTi/Zr alkoxides. The derived stoichiometrics were achieved in these

* precursor solutions by adding the appropriate molar ratios of Pb, Zr
and Ti (where applicable). 10 mole % excess PbO was also

A , incorporated as shown by the chemical formulae. After refluxing for
•- 3 hours, the solutions were concentrated to 1.0 M.

100-

Substrates chosen were Si(100) wafers which had previously
been thermally oxidized before being sputtered with Pt to yield

0 2o 40 6o so 100
PbZ,•, Mole % PbTiO3  PbTiO 3  Pt(2000A)/SiO(1500A)/Si. Spincoating was performed in a Class

100 clean room using a Headway Spinner at 2000 rpm for 30s. The
precursor solutions were filtered using a syringe filter (0.2 um) to

Fig. 1 - Phase diagram of PZT (Pt-cubic paraelectric, Ar-tetragonal minimize particle contamination. The green films were fired at 500C
antiferroelectric, A.-orthorhombic antiferroelectric, FR(HT)-high to burn off the organics, yielding films -1700A thick per coating. In
temperature rhombohedral ferroelectric, FKrLT)-low temperature order to achieve thicker films, multiple coatings were performed.
rhombohedral ferroelectric and F--tetragonal ferroelectric).' Typically three coatings were required to obtain films about 0.5 1m.

Later these films were fired at 700C to crystallize them fully into
Note that PZ is antiferroelectric (AF) while PT is ferroelectric; and single-phase perovskite.
solid solutions of these two end numbers produce mostly FE
materials with fascinating properties which are highly dependent on Microlithography was used to define 130 ,Lm x 130 pm Pt top
the Zr/Ti ratio. Examples of the effect of this stoichiometry ratio on electrode pads using a lift-off technique. The monolithic Pt-PZT-Pt
material properties include dielectric constant, planar coupling capacitors were completed by obtaining back-contact through acid-

CH3080-0-7803-0465-9/92$3.00 ©IEEE 424



etching one portion of the films. These capacitors were later post- when subjected to elevated firing temperatures, e.g. 700C. The
metallization annealed at 100C for 5 mins. to consolidate the top coefficient of thermal expansion increases with Zr content1 6 and in
electrodes, films containing large amounts of Zr, the thermal expansion

mismatch with the Pt substrate worsens, increasing the tensile
The phase assembly in the films was monitored by X-ray stresses upon cooling and leading to film cracking.

diffraction (XRD) using a Scintag XRD Diffractometer. The
ferroelectric properties were measured using a Radiant Technologies .. " , ,. -

RT-66A Ferroelectric Tester. The leakage characteristics were ,
obtained using a Keithley 617 Electrometer. .

Results and Discussions

XRD results indicated that the phase assemblages depended ,

on composition and processing temperature. PZT 0/100 (i.e., A
PbTiO3 ) crystallized the easiest on Pt substrates, forming single-phase
perovskite at 500C. With increasing Zr content, perovskite +
crystallization is hindered. Crystallization behavior of the PZT films
is substrate-dependent. For PZT films on Pt fired to 500C, with Zr
content x>35, pyrochlore phase was found; while PbTiO3 -rich 0
compositions (i.e., x<35) were all perovskite at the same firing
temperature. All films fired to 700C or 750C, regardless of Zr/Ti
ratio, became single-phase perovskite. Fig. 2 shows the XRD scans ,
of various PZT perovskite films fired to 700C. As expected, PZ-rich
compositions are rhombohedral while PT-rich films exhibit tetragonal , "
structures (note the tetragonal splitting in the XRD peaks which Fig. 3 - Optical micrographs of a sol-gel derived PZT 53/47 film
denotes a high degree of crystallinity). fired to 700C (bar = 10 pm).

Films on Pt fired above 600C show no pyrochlore phase. In
constrast, Zr-containing PZT films on Corning 7G59 glass remained The dielectric constants, ('s, of the PZT films fired to 700C
perovskite-free even when fired up to 750C"4 . are shown in Fig. .. The t shows a maximum at the MPB, namely

in a PZT 53/47 film exhibiting a value of 2100; while in compositions
.!way from the MPB, t decreases with increasing Zr or Ti content.
This trend follows the behavior of bulk samples (also shown in Fig.
4). Note that the f,'s of the films obtained in this study are
consistently higher than those of their corresponding bulk ceramic
counterparts regardless of the Zr/Ti ratio.

I 1001 to) p

... Wo 2500
11101_,' 2000-

C
0 1500,

11001 Pit 00/DO .C)

1000
(too) PZ (ISO)

2 ... ... 0 • 7 5' " 32, ' It 3' 1 , 500- - So

200

Fig. 2 - XRD scans of the perovskite PZT films fired to 700C as a 0 20 40 60 80 100
function of Zr/Ti ratio. Mole % Zr Content

Optical microscopy revealed that rosette perovskite grains
tended to predominate in Zr-rich PZT compositions. The PT film
appeared slightly porous; however, PbTiO5 -rich PZT films were Fig. 4 Dielectric constants of s-l-gel derived PZT films fired to
observed to consist of dense microstructures with no intergranular 700C as a function of Zr content. Also shown for comparison on the
phase. The rosette grain size increased with Zr content, and in Zr- values for bulk ceramics' of the same compositions.
rich PZT films, large percolated rosettes were seen in films fired to
700C. Note that 10 mole % of excess PbO was incorporated in these The remanent polarizations and coercive fields of the PZT
PZT films since it was found that 10-15 mole % excess PbO was films fired to 700C are shown in Fig. 5. Note that both the remanent
optimal in achieving PZT 53/47 films with superior dielectric and FE polarization and coercive field are highest near the MPB. Being
properties'5 . It was found previously that, at least in the specific antiferroelectric, PZ films exhibit low values of PR and E¢, namely
example of PZT 53/47 films, without excess PbO, the stoichiometric 0.15 tIC/cm2 and 10 kV/cm respectively.
PZT 53/47 films tend to display rosette-containing microstructures.
With 10 mole % excess PbO, the microstructures become denser and
rosette-free. It is expected that since Pb diffusion becomes
exacerbated in containing higher concentrations of Zr' 6, the optimal
amount of excess PbO needed to eliminate rosette formation will
depend on the specific Zr/Ti ratio in the films. It was also observed
that PZT films with high Zr/Ti ratio tended to crack even on Pt
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The capacitors were also annealed at 4tK04 and 71A)" after
U8 60 depositing the top Pt electrodes It %as found that the post-

60 E::: metallization annealing had a considerable effect on the dieic.tr~ c
3• ,and FE properties of the films Such annealing helps to consolidate

6 X the top Pt electrodes onto the PZT films and renders the top Pt-PZ1
40 interfacial characteristics similar to those ot the bottom P1-PZT

C 4 A) interfaces which had previously been fired to 71.X" The resulting
M capacitors are more symmetrical in their electrical behaviort Higher
02 20 . post-metallization annealing tends to increase PR and , while

2 * decreasing the bulk resistivity. Leakage currents also increase with
S• D post-metallization annealing temperature as shown in Fig 7 Upon

"C 0 4 0 post-metallization firing to 7tH)C (i.e., the same temperature at which
S4 6 0the PZT films were fired), the leakage current increases by about 5

cc Mole % Zr Content orders of magnitude; while lower tiring temperatures (i.e., l(4t) or
400C) resulted in insignificant changes. In films containing higher
concentrations of Zr, the increase in leakage current is exacerbated
even at lower post-metallization temperatures (e.g. 4(KC) This is
due to the diffusion of Pb into the Pt electrodes, an effect which
worsens with increasing Zr content since the partial vapor pressure
of PbO is higher in films containing higher Zr concentrations"' *

Fig. 5 - Remanent polarizations and coercive fields of sol-gel derived Such diffusion not only affects the PZT-Pt interfaces, but also
PZT films fired to 700C as a function of Zr content. renders the PZT films more conducting due to Pb vacancies resulting

from the Pb loss
Note that the PZT FE capacitors, being non-linear dielectrics,

do not exhibit ohmic or linear resistance, i.e., the resistances depend
not only on the applied field but also on the electrical history, namely
the polarization state. The films show a rapid rise of current at low
voltages and an exponential dependence at higher voltages, reflecting
the presence of a Schottky harrier at the PZT-Pt interfaces.

1E-01
Fig. 6 shows the bulk resistivities of the PZT films fired to E)

700C measured at 8V as a function of Zr content. The resistivities 1E-03
are mostly in the range 101°-1011 n-cm. Such values are
encouragingly higher than those reported in the recent literature12, 1E-05
e.g., 108 n-cm, and reflect a high level of homogeneity/stoichiometry c
as well as the large grain size of the present films. Bulk resistivities I1-07
increase with Zr content, reaching 2.5x 1011 fl-cm in a PZ film, while
PT-rich films tend to be relatively conductive. The increase in bulk 1E-09
resistivity with Zr content has been reported in bulk PZT ceramics17. .3
Resistivity is a strong function of domain structure and 0 1 E-111
microstructure. While the PZ-rich films tend to be biphasic, 0 1 2 3 4 5 6

consisting of rosettes and an intergranular phase, their composite Volts
resistivities are quite high (10" n-cm). The PT film was not fully
densified even when fired to 700C; and PT-rich films develop severe
stresses from the highly anisotropic c/a lattice ratio upon cooling
below their Curie temperatures. Microcracks can occur, leading to
conductive paths between electrodes. The microstructures of the PZ-
rich (Zr>53 mole %) films indicated that the size of the rosettes Fig. 7 - Effect of post-metallization annealing temperature on the
increases with Zr content. The increase of resistivity with grain size leakage characteristics of a sol-gel derived PZT 35/65 film fired to
is expected since with larger grains there are fewer grain boundaries 700C.
for possible conduction pathways.

Conclusions

1E+12 In the sol-gel derived PZT films obtained in the present
study, the Zr/Ti ratio significantly affects the phase assemblage.

E- crystallization behavior and microstructure, as well as the dielectric
o 1E+1 1 " - and ferroelectric properties.E
O 1E+10 The desired perovskite phase forms at lower firing
Z temperatures on Pt in films with high PT contents, while the
> 1E+09 presence of high amounts of PZ favors the pyrochlore phase.

Crystallized PT-rich and PZ-rich films are tetragonal and

am 1E+08 rhombohedral respectively.

IE+07 With increasing Zr content, rosettes tend to form (x > 53 mole
0 20 40 60 80 100 '); and the size of the rosettes increases with higher Zr contents.

Mole % Zr Content PT and PT-rich films exhibit dense, uniform microstructures.
Different amounts of excess PbO may be needed to eliminate rosette
formation, depending on the Zr content in the films. The bulk

Fig. 6 - Bulk resistivities of sol-gel derived PZT films fired to 700C resistivity increases and the leakage current decreases with Zr
as a function of Zr content, content.
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In films fired to 700C, the values of elt, Pit and E, reach their [11] R. Takayama and Y. Tomita, "Preparation of Epitaxial
maxima near the MPB, i.e., in the PZT 53/47 films. The values of Pb(Zr.Til.x)O 3 Thin Films and Their Crystallographic,
the dielectric constant observed were consistently higher than those Pyroelectric and Ferroelectric Properties," J. Appl. Phys., Vol.
reported for bulk ceramics regardless of the Zr/Ti ratio. 65 (4), pp 1666-1670, 1989.

The post-metallization annealing temperature considerably [12] K. Sreenivas, M. Sayer and P. Garrett, "Properties of D.C.
affects the FE and dielectric properties of the films. High post- Magnetron-Sputtered Lead Zirconate Titanate Thin Films,"
metallization annealing temperatures increase the values of PR, Ec, Thin Solid Films, Vol. 172, pp 251-267. 1989.

tr and leakage current. The degradation in leakage characteristics
was more significant in higher Zr-containing fdms where Pb diffusion [131 N. Tohge, S. Takahashi and T. Minami, "Preparation of
into Pt electrodes is exacerbated. PbZrO3 -PbTiO. Ferroelectric Thin Films by the Sol-gel

Process," I. Amer. Ceram. SOc., Vol. 74 (1), pp 67-71, 1991.

The low leakage currents (or high bulk resistivities) and

superior values of dielectric constant compared to bulk values [14] G. Teowee, J.M. Boulton, S. Motakef, D.R. Uhlmann, BJ.J.
indicate that the various PZT films obtained in this study exhibit high Zelinski, R. Zanoni and M. Moon, "Optical Properties of Sol-
degrees of homogeneity and stoichiometry. gel Derived PZT Thin Films," to be published in SPIE Proc.,

Vol. 1528, 1992.
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Abstract other method, an alloy of Zr and Ti was used as a target.

Recently the MOCVD method for ferroclectric films has attract-

The preparation and compositional control of Pb(Zr,Ti)O 3 films ed much attention because of its great usefulness and the recent

obtained using two kinds of reactive sputtering processes and development of new source materia's. We have also obtained PZT

MOCVD were investigated. When a metal composite target was films by MOCVD and photo-MOCVD1 '4 . Therefore, by compar-

used in reactive sputtering, the film composition Zr/(Zr+Ti) could ing with our sputtering method, the controllability of the film

be controlled from 0.25 to 0.81 by changing the total area of Ti in composition using MOCVD was also investigated.

the target. When an alloy target was used in reactive sputtering, In this paper, from the point of view of the compositional con-

there was no change in the Zr/(Zr+Ti) ratio of the films up to 196 trol we will describe the preparation of Pb(Zr.Ti)O, thin films

hours of target usage, and the reproducibility of the film composi- obtained using the two types of reactive sputtering processes and

tional control was very good. Using the MOCVD method, the MOCVD. The effects of compositional change of films on crystal-

compositions of the films and crystalline structures could be easily line structure will be also described.

controlled by changing the amounts of gases supplied.

I. Introduction 2. Experimental procedurm

Ferroelectric thin films, such as lead titanate [PbTiO3I, lead In order to prepare Pb(Zr,Ti)O 3 thin films, two types of reactive

zirconate titanate [Pb(Zr,Ti)O 3:PZT], lantanium modified lead sputtering were used. One type was reactive sputtering using a

zirconate titanate I(Pb,LaXZr,Ti)0O1, strontium titanate jSrTiO 3] metal composite target. A typical shape of the metal composite

and barium titanate [BaTiO 31, have been extensively studied for target used is illustrated in Fig. 1. The fan shaped Ti pieces used

many application devices. Especially, the interest in the use of had included angles of 3 and 8 degrees. By increasing or decreas-

these ferroelectric thin films for memory applications has increased ing the number of Ti pieces, the composition of the films could be

in recent years. These thin films have been obtained by various controlled. The diameter of metal Ph and the ratio of the Zr/Ti

kinds of techniques such as electron beam evaporation, sputtering, area were determined from the sputtering yield of Ph, Zr and Ti,

sol-gel process, chemical vapor deposition (CVD) and metalorgan- which were modified to the values at Ar/O2(=50/50) gas mixture

ic chemical vapor deposition (MOCVD). according to Sigmund's theory'. In our experiment, the number of

In any thin film growth technique, the compositional control of Ti peaces was changed from 8 to 16 in order to investigate the ratio

the films is a very important key factor, because the compositional change of the Zr/(Zr+Ti) area on the crystalline structure of the

changes of the films affect the crystalline structure and electrical films. The sputtering system used was a conventional planer

properties of the films. magnctron sputtering device. The sputtering conditions are listed in

In memory device applications of PZT thin films, if the PZT Table 1.

films will be used as a capacitor of DRAM, films with high dielec- In the other type of sputtering method, an alloy target of Zr and

tric constants are required. On the other hand, films with relatively Ti was used. A schematic diagram of the alloy target is also shown

small dielectric constants are useful for application to nonvolatile in Fig.l. When the alloy target was used, the composition of the

ferro-RAM. Therefore precise control of the film composition is target could be changed by changing the alloy ratio of Zr and Ti.

essential. In this type of reactive sputtering, the planer magnetron equipment

In order to investigate the most effective and reproducible was also used. The sputtering conditions are also listed in Table 1.

method for control of Pb'Zr,Ti)O, film composition, we developed Pb(Zr,Ti)0 3 thin films were also obtained by MOCVD. In our

two kinds of reactive sputtering methods. In one method, reactive study, tetraethyl lead [Pb(C 2HI) 4:TELJ,zirconium tctratertiarvbu-

sputtering using a metal composite target was employed'' 2 . In the toxide [Zr(O-t-C 4H1)4:ZTBJ and titanium tetraisopropoxide [Ti(i-

CH 3080-0-7Xt)3-(465-9/9253.tX0 (CIEEE 428



OC3H7 )4 :TIP] were used as source materials. 02 was used as an Table 2. Growth conditions for Pb(Zr,Ti)0 3 thin films using

oxidizing gas. The MOCVD system used is shown schematically MOCVD.
in Fig.2. The Zr/(Zr+Ti) compositional ratio of the films were
significantly controlled by changing the carrier gas flow rates of Zr Source temperature((C P)b(C2 1,), 0

Zr(O t CtI,), 35-50
and Ti sources. In this experiment, substrate temperatures varied Ti(0 t C.,H). 35-50

from 600 to 650'C and reaction presst-,, was 6 Torf during th,: Ar zarrier flow rate(sccm) Pb(CzHs), 80
growth run. The growth conditions for Pb(Zr,Ti)O3 are also listed Zr(O t CJ,), 20-70
in Table 2. TiýO i Cdi,), 26-76

In our experiments, the substrate used was 0. flow rate(sccm) 240-300

Pt(l1 l)ISiO2/Si(l00). The crystalline structures of the films grown substrate temperature(C) 525-660

were determined by the X-ray diffraction method. The film Total pressure(Torr. ) 6

composition was analyzed by the inductively coupled plasma (ICP)

emission spectrometry method.

3. Results and discussion

Ti Pb 4)40 Pb o49
3.1. Reactive sputtering usint a metal composite taruet

When a Pb plate with a diameter of 40mm, and 8 to 16 fan

shaped Ti pieces were used, Pb(Zr,Ti)O3 thin films with a perov-
skite phase were grown on Pt/SiO2/Si at substrate temperatures

Zr-Ti from 605 to 6350C. The compositional change of the films was
l4o)00 10 achieved by changing the total number of the Ti pieces in the tar-

S•b0 get. The dependence u, the film compositional ratio Zr/(Zr+Ti) on

a ) b ) area of Ti is shown in Fig.3. It can be seta that film composition

Fig. I. Schematic diagrams of the targets; a) metal composite could he controlled by changing the area of the Ti. However there
target, b) alloy target. were differences in the composition between the films and the

theoretical values calculated from the ratio of the Zr/(Zr+Ti) area
of the target.

Table 1. Sputtering conditions for Pb(Zr,Ti)O 3 thin films.

Substrate temperture(lC) 560-665

Gas pressure(x I O-Torr.) 0.8-6
Target substrate distance(mm) 45 ST 0.8 Ts 605-635Si

rf input power(W) 100

Sputtering gas Ar/0D,50/50 • 0.6

Substrate Pt(lll)/SiO0/Si(l00) 0

Sputtering time(min) 60 o 0.4
IL

Target(Zr/(Zr4Ti)) 0metal composite target 0.64-0.93 0.2

alloy target 0.78

Deposition rate (A/min) 40120 02 04 06 0.8 1

Zr/(Zr.Ti) /REA RATIO of TARGET

Fig.3. Dependence of the film composition on the area of Ti in

02 M the target.

SOURCE 3.2. Reactive sputteriap using an alloy target.

Ti TMP Pb(Zr,Ti)0 3 thin films were also grown by the reactive soutter-
SOURCE• ing method using an alloy target. The compositional ratio of the

___ Zr/(Zr+Ti) in the alloy target used was 0.78. The crystalline struc-
Or Ature of the films grown were influenced by the substrate tempera-

ture and the sputtering pressure. Highly (I Il)oriented Pb(Zr,Ti)0 3
Fig.2. Schematic diagram of the MOCVD system. films with the perovskite phase were grown at substrate tempera-
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tures higher than 620'C and at pressures higher than 2xl0'Torr.

X-ray diffraction peaks from perovskite PZT(111), (110) and - SPUTTERED PZT on PVS,0 2 &
uL ZtJ(Zr.T.) RATIO of TARGET 0 7O

(001) planes were observed when films were grown higher than 00
60.,°C. X-ray diffraction patterns of films grown at substrate .
temperatures from 590 to 665'C and at a sputtering pressure of

4xlO' 2Torr are shown in Fig.4. From this figure,it was found that 0

the highly (I t i) oriented Pb(Zr,Ti)O film was grown at a sub- 0 -

0- 075strate temperatire of 620WC. o
0

The composition of the film obtained at 620 'C was investigated
by the ICP emissin spectrometry method. This analysis revealed N

that the Zr/(Zr+Ti) atomic ratio of film was 0.78, which was the 0.7
102 103 1C4

same ratio as the target's. ft was found that there were no differ- ELAPSED TIME of TARGET USAGE (min

ences in the Zr/(Zr+Ti) ratio between the films and the target. The Fig.5. Dependence of the film compositional ratio ZrI(Zr+Ti) on

dependence of the Zr/(Zr+Ti) atomic ratio of the films on the the elapsed time of target usage.
elapsed time of target usage was also studied. When the alloy

target was used for 196 hours, the Zr/(Zr+Ti) ratio of the film
obtained using this target was 0.78, which was also the same ratio was kept at 24nsccm in this experiment. The crystalline structures

as the ta.get's. There was no change in the Zr/(Zr+Ti) ratio of the of the films were influenced by both the ratio of IZrj/(IZrJ+iTiJ),
films up to 196 turs of target usage as shown in Fig.5. This where IZrj and ITil were the amounts of th Zr and Ti gases sup-
means that the reproducibility aljJ -i".bility of the film composi- plied, and substrate temperature, as shown in Fig.6. Ph(Zr,Ti)0 3

tional control were quite good when an alloy target was used. films with a tetragonal phase were obtained at lZrj/(I~rJ+ITiJ)

ratio smaller than 0.65. By increasing the ratio of [Zrl/([Zrl+ITi]),
Po(Zr,Ti)0 3 with a rhombohedral phase could be grown at sub-

strate higher than 635°C. However, when the ratio of

-Zr]/([Zrl+[Ti]) was higher than 0.7, films with a mixturc of

rhombohedral phase and other phases (Pb(Zr,Ti).O, ZrO 2,

Pbh(Zr,Ti) 2O1_, ZrTiO, were grown. It can be also seen that the
growth of the Pb(Zr,Ti)0 3 films with a rhombohedral phase re-

S620"C quired higher substrate temperatures than were required in thegrowth of the tetragonal Pb(Zr,Ti)O3 films.

The dependence of the film composition on the ratio of

>- [Zr]/([Zr]+JTiI) was also investigated, which is shown in Fig.7.-- 605*c-,w 
eThe experimental data coincided with a theoretical curve, when

z
LU the ratio kzr/kT was 0.41. Here, Kr and kTi are given by
Z Nz'=kz'[Zr'td and NTi=kTi'lTi]'td, where Nz, and N Ti arc the

590"C _

0 TETRAGONA.L PZ'a E-IRAGON AgL PZ'T OTHER P HAE

k, °(") a RHO#AWHEDRIAL PZT
IIJ A RHOMBOHEORAL PZ'T . OTHER PHASEO

20 30 40 50 x NO PEROVSKTE .PHASE
2 E (deg.) 700

Fig.4. X- ray diffraction patterns of Pb(Zr,Ti)O 3 films. 0 A
0 *L6

J1-600 0 3 ( g• D A A A
W 0 0 OA A
I-< [u x

S500
3.3. MOCVD

In our study, the compositional control of the films was also 0 0.2 04 0.6 0.8 1

pciformed using the MOCVD method. In MOCVD, the film (Zq/([Zr1.[-n])

composition was controlled by changing the Ar cari.,- gas flow Fig.6. Schematic quality diagram of the Pb(Zr,Ti)O3 films grown
r , of the Zr and Ti sources. The Ar carrier gas flow rate of !b by MOCVD.
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amounts of Zr and Ti included in the films, and jZrJ and [TiJ are Acknowledacinents
amounts of Zr and Ti gases supplied, respectively. '[he details is
described in reference 16 1. From Fig.7, we can see that the compo- This work was partly supported by Grant-in-Aid for Scientific
sitional ratio of films was not proportional to the ratio of Research(BX(No.04452176) and for Scientific Research on Priority
lZrJ/(IZrJ+ITiJ). This miecns that the Zr content could not easily be Areas(2XNo.04205075) from the Ministry of Education, Science
deposited in the films. The film composition Was also affected by Culture of Japan, and by rescarch grants from the Mazda Founda-
substrate temperature. The compositional ratio of Pb/(Pb+Zr+l'i) tion's Research Grant and the Foundation for the Promotion of
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differences in the composition between the films and the theoreti-
cal values calculated from the ratio of Zr/(Zr+Ti) area of the target
were observed. On the other hand. When an alloy target was used.

there were no differences in composition (Zri(Zr±Ti)=0.78)
between the films and the target. There was also no change in the
Zr/(Zr+Ti) rano of the films up to 196 hours of target usage. and
the reproducibility of the film compositional control was cery

good.

Using the MOCVD mnethod, Pb{Zr.TIitO. filmls býoth with tetrag-
onal andi rhombohedral phases %kerc grown at substr;'te tempera-
tures from 551) to 675'(' by changing the ratio of I/ri '(iZrl+ITi I).
where lirj and [Til were the amiounts of the Zr and Ti gases sup-
plied. There were also differences in composition between the
films and the thcoictical amrount., of the Zr and Ti gases supplied.
Moreover it wvas found that it was cas % to control the film conmpo-
sition within a wide range. and the rcproduIcibility was also good.
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CRYSTALLIZATION AND DIELECTRICAL. PROPERTIES OF PI.ZT

FILMS DERIVED FROM METALLO-ORGANIC PRECURSORS

SUN Ping, ZHANG Liang-ying and YAO Xi

Electronic Materials Research Laboratory (EMRI.)

Xi'an Jiaotong University, Xi'an Shaanxi, 710049, China

Abstract: lead lanthanum Zitconate Titanate An array of Au films in the form of dot electrodes
(PI.ZT) films were deposited by the mctallo-organic decom- wassputtered on top of the PI.ZT film, where the diameter
position (MOD) process using multilayer spinning. The of dots is I mm. Dielectric properties were measured by
crystallization kinetics , evolution of the crystallographic HP4274A and 4275A LCR meters. Ferroelectric
structure, dielectric behavior and ferroelcctric properties measurements were made using a modified Sawyer-Tower
were studied. circuit.

Introduction Results and Discussion

Recently much work has been tocussed on the pro- Figs. I and 2 show the TG and DTA analyses of so-
cessing of PLZT ferroelectric thin films by Sol-Gel land lutions of PI.ZT.
metallo-- organic decomposition (MOD) ' methods because
of their potential as excellent dielectric, ferroelectric and 100 ..

optical devices. MOD is a thermal process which can pro-
duce homogeneous polycrystalline phases at low processing
temperatures. For the PbZrO3 - PbTiO, system '7.
crystallization always results in a mixture of the desired 50"
perovskite phase and a nonferroelectric pyrochlore phase, <

especially in the case of the thin films. A study of the
crystallization mechanism may lead to better control of the - • -

microstructure , film properties and annealing of a pure ... .....
perovskite phase transformation. ". : . / . -

The present research investigates the crystallization T :,:.:•;
kinetic rarameters and their electrical properties.

Fig.] TG and DTA of the metallo-organic
Experimental solution of Pf.ZT(8,/ 0 / 100).

The initial metallo-organic compounds evaluated as -
precursors for PLZT films are commercial lead acetate i-3 •-
trihydrate, tetra-- n-butyl titanate and others, such as ,- .

lead heptanoate, zirconyl heptanoate, zirconyl butyrate " -. DrA

and lanthanum butyrate , which were synthesiztd in this r 5 0
laboratory by double decomposition 3. - -, - TG

The PLZT( 8 / 0 / 100) and PI,ZT( 8 / 65,/ 35) so- [ . .
lutions and films were prepared following the procedures o .. ..
given in Reference 3 and 4. 0 1 3 4 5 6 7 8 9

For crystallization kinetic studies,
PI.ZT(8 / 0,/ 100) and PI.ZT( 8 '65.1"35) solutions, and
PI.ZT(8 / 65 / 35) films were used as samples. The films f XlO0 C

were prepared by dipping onto silicon Fig.2 TG and DTA of the metallo-organic
substrates. Thermogravimetriy (TG) and Diffcrential solution of PI.ZT(8 / 65 / 35).
Thermal Analysis (DTA) studies were conducted on a Beij-
ing Analyzer ICT and a Dupont 1090A. X- ray diffraction For the P1.ZT(8 / 0 ' 100) solution, the total
data were obtained on a Regaku 1) / MAX -Ill A weight loss (in static air) is about 81% , which is consistent
diffractorneter using monochromatic Cu Ký radiation at with the calculated values. There are three major stages of
room temperature. The thickness of the films %as meas weight loss. The first stage , occurring at 145 "C , is due
ured by a multi- beam interference method. For electrical to solvent evaporation while in the temperature range 2601
measurements , films were deposited on Pt 'glass ceramic - 5101" the weight loss consists of two stages at which the
or indium tin oxide ( ITO) 'glass substrates Pt and ITO organics burn off In the DTA curve of PI.ZT( 8 / 0 / 100)
films as bottom electrodes were deposited by RF spt'tering there is an exotlermic peak at 520 IC because of

(If 4~I i ~ ll I4 i_,



crystallization; the exothermic peak at 860 "C is due to the structure because its v value is much higher than that of the
transformation from a rhombohedral structure to a perovskite structure, even though its E value is higher than
tetragonal structure, and the exothermic peak at 1050"C is that of the perovskite structure.
due to the transformation from one tetragonal structure to Figs. 4 and 5 show the XRD patterns for the powde.
another tetragonal structure. and films of PLZT(8 / 0/ 100) at various firing

As shown in Fig. 2, the total weight loss of the temperatures. For PLZT( 8/0/ 100) , two modifications
PLZT(8 / 65 / 35)solution is about 79 % , which also of the perovskite structure can be obtained: one is
agrees with theoretical calculations. There are two major rhombohedral (a-0.3948 nm, 2=89.61 ° ) when annealed
stages of weight loss; the first stage, occurring at 140"C, is in air at 550 'C , another is tetragonal (a=0.3909 nm,
also attributed to solvent evaporation while that at 3551: c=0.4046 nm, c/a- 1.035) when annealed in air over
corresponds to burning off the organics. At 4651 t, only 10501C. This agrees with the results of the DTA.
one exothermic peak due to crystallizing appears. Fig. 6 shows the XRD patterns for films of

After removal of organics by firing at 390t in air, PLZT(8 / 65 / 35). A pure perovskite structure can be ob-
amorphous powders and films of PLZT(8 / 65 / 35) are ob- tamined by annealing in air at 550 2.
tamined. Fig. 3 shows the DTA study on the crystallization
kinetics of PLZT(8 / 65 / 35) powders and films on Si
substrates. By increasing the heating rate P, the peak tern- .
perature Tp shifted to higher temperatures. The apparent
atctivation energy E and frequency factor v are calculated us-
ing Kissinger's method'. ".

--.0uC/.tni

400 440 480 520 560 600

0T C

(a) Powder . . .- -

S2oh

20Chin 4eC 560 Fig.4 The XRD pattern for PLZT(8 ' 0 / 100) power.

0 to 449'C ,22`C .

o 0

5 4280 C 461%C

400 440 480 520 560 600 !

T C
VFilm on Si

Fig.3 DTA plots at different heating rates, .
for the amorphous PLZT(8 / 65 / 35)

(a) powder and (b) film.

The PLZT Powder has a v value of l.4x 104 s-',
and an E value of 70 kJ / mol. The same experiments on the - ,
PLZT film gave lower values of v and E of 451 s-land 55
kU / mol. The v value of the powder is higher than that of
the film so that the powder crystallized more easily than the Fig.5 The XRD pattern forfilms of PLZT(8/0/ 100)
film at same temperature, though its E value is slightly on sapphire substrates. The indicated
higher than that of the film. peaks are not characteristic of PLZT

As shown in Fig. 3 ( b) , there is an exothermic
peak at an even lower temperature, which may be due to the The thick crack-free final films consist of' several
film transforming to the pyrochlore phase from the amor- single layer crack-free films, whose formation is dependent
phous phase, and has values of v and E of 7.8 x 109 s- 1 and on the precursors and substrate, the time- temperature
143 kJ / mol. This means that metastable pyrochlore always profile of annealing, and more importantly the heating
forms before the perovskite structure from an amorphous rate. According to the processing method given in Rct 4,
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at a heating rate of 3 C / min to the firing temperature, we tion and the ratio of Zr / Ti in the film sample are lower, as
can obtain a crack-free single layer film with a thickness of the results of X- ray micro- analysis using an electronic
about 136 nm. probe indicated. At room temperature, the films have a

dielectric constant K of 450 and a dissipation factor D of less
PLZT (8/65/35)/Si/5500C than 4 % at IkHz. The K values of the films were smaller

than the corresponding values for bulk PLZT( 8 / 65 / 35)
and this behavior is also mainly related to the smaller grain

sizes of the films.

I 900 _ _ _ _ _

20 30 40 50 60 70 20 ý7
:2 7 I ,,.,. --

Fig.6 The XRD pattern for films of
PLZT(8 / 65 / 35) on a silicon substrate. 0, ,.:

The electrical properties of films with thicknesses .. *P

from 408 nm to 1632 nm are measured. At room temper- ,":, ..
ature, the measured capacitance values for A 1
PLZT( 8 / 0 / 100) films indicate values of the dielectric 9 430 ,_,_i
constant K in the range 100-150. Fig.7 shows the frequency 0 5 :;0 :5 40 610'
dependence of the dielectric constant K and dissipation fac-
tor D of the PLZT( 8/0/ 100) films. The dielectric con- T . . .
stant decreases with increasing frequency below 400 kHz, L t. F U L

then increases sharply. The dielectric loss varies little be- (a)
tween 100Hz-100kHz. 60

141 4 -3 4
50 01

SC_ PL6 ,/E5/351 /I0i70/CO C

4--, V.: :C ''HI
-- I ¢ 1LC.Ic

,130 0 3 3

rc•, 1 , 3010 c=4

CD, O O_ C.. o_ 0

rr2cuency 2 z0 CC)

F.7Dielectric constant and dissipation factor(b

versus frequency for PLZT(8 /0 / 100) films.
Fig.8 (a) Dielectric constant and (b) dissipation

The temperature dependence of the dielectric prop- factor versus temperature for a PLZT
erties is presented in Fig.8 for a 660 nm PLZT( 8 / 65 / 35) (8 / 65 / 35) film on a ITO / Glass substrate.
film on ITO/ glass substrate heat treated at 550 C for I
hour. Fig. 9 shows the hysteresis loop for

The dielectric constant K of the film is much lower PLZT( 8 / 0 / 100) film at room temperature, with a spon-
than in the bulk ceramic PLZT( 8 / 65 / 35) 5, the Curie taneous polarization P, of 11.4 'iC / cm 2 and a coercive
point is about 244r- which is much higher than that of the field E, of 90 kV / cm at 50 Hz. The thickness of the film is
bulk, and the temperature dependence of K shows a broad 1632 nm. At I kHz, the P, and E, are 12.2 'iC/ cm 2

transition range. This behavior is supposed to related to the and 35 kV / cm respectively.
nano grain sizes of the films.The grain sizes of the films an- The hysteresis loop for PLZT( 8 / 65 / 35) film
nealed at 550 "C are below 50 nm'. It is reasonable to be- ( 660 nm ) at room temperature is shown in Fig.10. The
lieve that no normal ferroelectric domains still exist in such spontaneous polarization P, is !4.7 jiC / cm 2 and the coer-
nanosized grains. Another reason is that the La molar frac- cive field E, is 114 kV / cm at 50 Hz.
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Conclusions

Lead lanthanum Zirconate Titanate (PLZT) films
were prepared by metallo-organic decomposition (MOD)
method. The crystallization kinetics of PLZT powders and
films (on Si substrates) have been studied using DTA. A
pcrovskite structure crystallizes from decomposed amor-
phous precursors in the temperature range 420- 570 I2
With apparent activation energies of crystallization E are 55
k , mol and 70 kJ / mol with pre-exponential frequency
factors v 450 s-1 and 1.4 X 10 4 s-1. A metastable
pyrochlore phase always forms during the crystallization of ( x: 326 kV /cm /div; y: 18.7 yC/ cm 2 / liv
the films from amorphous phase, with an activation energy
and a frequency factor of 143 kJ / mol and 7.9 x 10 9 s-' . Fig.10 P-E hysteresis loop at 50 Hz for a PLZT
Two modifications of the perovskite structure can be (8 / 65 / 35) film on a ITO / Glass substrate.
obtained for PI.ZT(8/0/ 100): one is rhombohedral with
a-- 0.3948nm and a-89.61 0 when annealed in air at
550"C , and the other is tztragonal with a=0.3909 !lm.
c - 0.4046 nm and c / a- 1.035. Dielectric constant, dissi- Acknowledgment
pation factor and P-E hysteresis loops were measured. For
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r composition, thermal history and applied voltages.
Field-induced birefringence and field-induced secondary

Thin film electro-optic (EO) and non-linear optical harmonic generatior, are thought to be related to a) the

(NLO) materials are of interest for applications in high field-induced anisotropic orientation of ferroelectric

speed integrated optical devices. Materials of the system domains and b) a contribution of the nonlinear

Pb1-x/1ooLax/0oo(Zry/0o0Til-y/1oo)l-x!400 0 3 or PLZT susceptibilities of the material which contain electronic

x/y/(100-y) are attractive since they can be integrated and ionic contributions 131. The susceptibilities of the

into Si and GaAs substrates using suitable deposition material have been modeled using an anharmonic

techniques. In this investigation we examine the oscillator which represents the motion of the

structural properties of RF magnetron sputter-deposited octahedrally coordinated cation (e.g. Ti) in the

PLZT using x-ray absorption near edge spectroscopy perovskite structure 141. When applied external fields

(XANES). For XANES analysis four samples were are large the centrosymmetry of the films may be

selected: 1) a highly-oriented PLZT 28/0/100 film broken due to field induced polarization, polarization

(-4500A) deposited on A1203 (1102), 2) a highly- switching or induced phase changes. The fundamental

oriented PLZT 28/0/100 film (-4506A) deposited on building blocks of the oxygen octahedra or the lattice

Si0 2 (2um) over Si(100), 3) a highly-oriented PLZT structure of the materials is affected and high-order EO

28/0/100 film (-4500A) deposited on SiO 2, and 4) a effects appear.

commercial ceramic wafer of PLZT 9/65/35. The
XANES experiments were performed at the Stanford In this paper we make measurements of the Ti K X-ray

Synchrotron Radiation Laboratory (SSRL) using absorption near edge structure (XANES). XANES is

electron yield and fluorescence techniques. Data was very sensitive to the structural environment in which

taken at the Ti K-edge (4966 eV) and compared to the absorbing atom is located. Slight changes in the

reference spectra. Of the reference spectra, the Ti K- symmetry, bond lengths and species of the coordinating

edge spectra of the PLZT most closely resemble atoms have significant effects on the measured

perovskite (SrTiO3). The surface and bulk thin film are absorption spectra. The XANES was measured for thin

similar and all the 28/0/100 spectra resemble 9/65/35, film PLZT on differing substrates and bulk ceramic

indicating similar cubic perovskite structures for these material.

materials. Experimental

Introduction
Thin film PLZT of the system Pbl,/100 1Lax!1oo

Thin film (<= I gm) PLZT has large EO or NLO effects (Zry/uoo TiI-y/100)1x-/400 03 or PLZT x/y/(100-y) was

as compared to the corresponding bulk material. These prepared using a radio frequency magnetron sputtering

effects make it a possible candidate for use in integrated technique incorporating compound ceramic targets. For

electro-optical devices such as, waveguides, modulators, the investigation three samples were prepared: 1) a

mixers, shutters, frequency doublers, and memory highly-oriented PLZT 28/0/100 film (-4500A)

devices. In such applications the PLZT is sputter deposited on A120 3 (1102), 2) a highly-oriented PLZT

deposited onto a Si or GaAs base which has been 28/0/100 film (-4500A) deposited on SiO 2 (2-lam) over

overlaid with a Si0 2 buffer layer. The PLZT film Si(100), 3) and a highly-oriented PLZT 28/0/1(X) film

deposited by sputtering has a cubic perovskite structure (-4500A) deposited on SiO. In addition, a commercial

with the [1001, [1101 or [1111 direction normal to the ceramic wafer of PLZT 9/65/35 was also used.

plane of the substrate [I1. Fo: films deposited by the
sol-gel method the grains are randomly distributed with Figure 1 shows the layer structure for a PLZT

no preferred orientatin [21. The electro-optic effects waveguide modulator using the above materials and

demoWTiaed Iy P'-LZT vary depending on the deposition techniques. The SiO? is used as a buffer

(1i30o5' '•t€)-7 ; 5 4 ', ) I I . 436



layer since its index of refraction (n-1.5) is less than the
PLZT film (n-2.5). A -1000A ITO (indium tin oxide,
n-l.8)) superstrate serves as a capping layer and contact
electrode. As can be seen, the set of samples selected ITO
for this investigation permit an examination of the effect PU2T (.4 im) -soSiO2(21±m) _
of the PLZT / substrate interaction and comparsion to

bulk ceramic material of a different composition Si or GaAs

(28/0/100 vs 9/65/35).

For the XANES several reference spectra samples were
used: 1)5gm Ti foil, 2)powdered TiO2 (anatase, rutile, Figure 1. PLZT wafer structure for waveguide modulator.

brookite, 3)powdered Ti203, 4)powdered NiTiO 3 and
5)powdered SrTiOi. For XANES experiments, all the wiggler side station) was used while the storag
powdered samples were ground to a fine mesh (400), wigglr id ation)cased whie th toge ring was

suspnde induc ceentdilued ithaceoneand being run in a dedicated mode with the electron beamsuspended in duco cement diluted with acetone and
energy at 3 GeV and a stored beam current of 30-spread in a thin layer (-25•m) on aluminum foil. 80mA. A Si (220) double crystal monochromator

detuned approximately 50% to reduce beam harmonics
The Ti foil was used to detennine the K-edge position was used to select the desired X-ray energy in the
(4966.4 eV) of Ti metal. The remaining oxides were vicinity of the Ti K-edge at 4966.4 eV. The
aligned with respect to the metal edge. Anatase, rutile monochromator slits were adjusted to 1mm which
and brookite show the sensitivity of the XANES provided a resolution of approximately 0.3eV at the Ti
technique to slight changes in the coordination geometry K-edge. Scans were made from 100eV below the Ti K-
about the absorption site. Anatase is tetragonal [5] with edge energy to 350eV above the Ti K-edge energy. At
the each Ti atom having 6 oxygen neighbors ranging in the K-edge the monochromator was moved in steps of
distance from 1.91 to 1.95 A, while rutile (having the approximately 0.25eV and above the edge (+20eV) the
cassiterite form, also tetragonal) has Ti-O bondlengths step size was adjusted to produce a step of 1-2 eV or a
ranging from 1.95 to 1.98 A. Brookite is step less than or equal to 0.06 A-1. Both fluorescence
orthorhombic with each Ti atom having near neighbor and total electron yield data were collected. The
oxygen bondlengths from 1.87 to 2.04 A. In rutile fluorescence yield data were taken in the standard
there is one, and anatase two short oxygen-to-oxygen manner with the sample at a 45 degree angle to the
separations at 2.43 A. Brookite also has close anion- incident X-rays. The total electron yield data were
anion contact with oxygen-oxygen separations varying collected simultaneously with fluorescence data. The
upwards from 2.49 A. Ti 2 03, is rhombohedral, having simultaneous collection of fluorescense and total
Ti in a higher oxidation state (+3) with octahedrally electron yield data allows a comparison of surface (- top
coordinated oxygen distances from 2.01 to 2.08 I\. 500 A) and bulk signals originating from different
This structure can be considered as a slightly distorted depths within the sample.
hexagonal close-packing of oxygen ions with the small
Ti ions lying in some of the interstices. The Results and Discussion
arrangement is illustrated by ilmenite (FeTiO 3 ) if its
two types of metallic atoms are taken as identical. The XANES for ploymorphs of TiO2 (anatase, rutile
LiTaO 3 has the ilmenite structure and is a ferroelectric and brookite) are shown in Figure 2. In this figure the
crystal. The NiTiO 3 standard used in this study also has zero of energy is taken at the K-edge for the Ti metal
the ilmenite structure. SrTiO3, has the cubic perovskite which is at 4966.4 eV. In all of these samples the Ti is
structure with Ti coordinated by six oxygen atoms in the surrounded by 6 oxygen near neighbors. Note the
faces of the cube and Sr at the comers. SrTiO3 may be sensitivity of the spectra to the changes in the
paraelectric down to at least 1K and is possibly induced bondlength and coordination geometry as described
fe.-oelectric by an electric field at low temperature. previously. The features from approximately 0 to 12

eV are Is -> 3d bound state transitions which are dipole
The XANES experiments on the above samples were forbidden but quadrapole (very weak transition)
performed at the Stanford Synchrotron Radiation allowed. If the center of inversion at the Ti site i,
Lab.ýratory (SSRL). At SSRL, beam line IV-I (a distorted then the dipok b becomes allowed and

437



K absorption edge are due to artifacts in the Si (220)
monochromator used and are not part of the absorption
features or the EXAFS. All of the spectra in Figure 4

A [ -•were collected in the fluorescence mode except for the
__ 28/0/100 on SiO2 which was examined in both the

SH fluorescence and electron yield mode. Note that the data
r -- for the electron yield is noisier than for the fluorescence

, "data. This is due to charge build-up and subsequent
tfeatures of the e-yield and fluorescence data are

" --- identical. This indicates that the structure in the top

-500 A is the same as in the lower -4000 A since e-yield

is sensitive to the surface, and fluorescent yield samples

, .10.0 0 ° ,o MoM a to8, to depths (-50,000 A) well beyond the film thickness.

Figure 2 li K-edge XAN[S of 1iO, J)anatas.

)brh-,ok ie, and ,rutde [he iero of enery- i, taken ai

the iI metal K edge (4966 4 eV,,

becomes stronger for more distorted octahedra. The
features at the top of the absorption rise are due to Is ->

4p transitions and multiple scattering effects which are
followed at higher energy by the oscillations due to the Ito

0.0 "
extended X-ray absorption fine structure (EXAFS). ,,, A ---:-"

This region begins at 30 to 50 eV above the K
absorption edge and is not examined in this t
investigation. Ci

lo

In Figure 3 the XANES of Ti 203, NiTiO 3 and SrTi03 -o -
are compared to thin film PLZT (28/0/100) on a Si . .
substrate with a Sin 2 buffer layer. Note that the SrTiO3

exhibits the closest resemblance to the PLZT film. As
Figure 3. Ti K-edge XANES of dlthin film PI Z1

discussed above, SrTiO3 has a cubic perovskite 28!0/100 on Sio,/si. h) srlio3. c)NMO3, and

structure. The match of SrTiO3 is not outstanding d)11203.

because the reference sample was polycrystalline and the
PLZT is highly oriented in the direction perpendicular
to the substrate and randomly oriented in the substrate
plane. Since synchrotron radiation is highly polarized
in the plane of the storage ring, bonds along the
polarization direction are enhanced, whereas for the
polycrystalline reference all bonds are equally sampled ..

by the x-radiation. The Ti20 3 and NiTiO 3 spectra are .0

quite different from the PLUT film but resemble each A /
other except in the Is -> 3d region where NiTiO3 shows 7 e

a more intense transition indicative of higher distortion
in the Ti-O octahedral cage. This similarity is not
totally surprisinj, since NiTiO3 and Ti20 3 can both be°O_:
represented by a IICP array of oxygen atoms with the K
metal cations in some of the intersties.

Figure 4 Ti K-edge XANES of PLZT materials (all
Figure 4 shows the XANES for the various PLZT taken in fluorescent yield except a which was taken in

samples considered in this investigation. It should be electron .ield) a) 28/0/1(X) PUzT on Si0 2 . b)t 294/o11M

P.ZT on SiOn. c0280/O0O PIZT on AI2 03, d)28/0/100
noted that the features fromn -50 to 60 eV above the Ti PULZTon SiO'J/i, e)9/65/35 commercial wafer.
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ABST'RACI" 1 .5 .

The electrical properties of Inl Iti- tin-beam reactive . -

sputter (MIBERS) deposited PZT(50/50) thin films were
characterized in terms of low-tiled dielectric response, high-field
polarization hysteresis, switching characteristics. fatigue and
retention behaviors, I-V response. time dependent dielectric 1 _
breakdown, and C-V behavior. Many of the properties are
found quite processing-sensitive. This opens much opportunity
of property modification of the films. The technique., of rapid
thermal annealing (RTA) and low energy oxygen ion , ,
bombardment seem very useful for .uch a pLiplse. . 0

1. INTRODUC1'ION Freq (KHz

Detailed electrical characterization is essential to the Fig.l. Frequency-dependence of k and tan6 ot the filmns

development ot ferroelectric thin films fto device application. (0.54 thick) annealed hv ( I ) R IA at 650`( tor , s. and

Being thin, the ferroelectric films behave differently from bulk (2) furnace at 654f"(i hor 2 h. (oscillation lev.el 0.t)IV).

materials, and their properties are usually highly processing- Figure I comparatively shows the typical results oa
dependent. Therefore, processing optimization is critical to frequency-dependence of rootn-teIIIperAItre lavw-field dielectric
obtain desirable properties, and in return property constant and loss of the PZI films annealed by the 1\%0
measurement offers a convenient reference in the optimization different methods, at the same temperature af 650C". Roughl\
of processing conditions. speaking. over a fairly wide frequency range (Ii)-] 0)kHz) both

Among various deposition techniques used in growth of films have nearly the same dielectric const;tnt (about 140(M) and
ferroelectric thin films, multi-ion-beam reactive sputter dissipation factor (about 0.02) with very small dispersion. In

(MIBERS) deposition holds high promise mainly due to its easy other words, crystallization by RIA is so fast that in I s the
control over film composition and great flexibility in processing films can attain the same crystalinity as i the case of furnace

modification.' In this paper, most properties of interest to annealing for 2 h Such a fast process appears much like an
memory applications are characterized for MIBERS deposited "explosive crystallization".- However, distinctions can be point
PZT thin films, including low-field dielectric response, high-field out at the two ends of the measured frequency range. At the
polarization (P-E) hysteresis, switching characteristics, fatigue
anO -etetiton behaviors, capacitance-voltage (C-V) hysteresis.
dc current-voltage (N-V) characteristics and time dependent
dielectric breakdown (TDDB) behaviors. Meanwhile, their ,0C

dependence on processing is highlighted. "0 .
0

11. EXPERIMENTAL 0

PZT films with Zrfl'i ratio ot 501/5(0 were deposited by Q (b)

the MIBERS technique on Pt coated Si and bare Si substrates, 4- - PA

and crystallized by either conventional furnace annealing or ,- :'
rapid thermal annealing (RTA).' Gold was sputter-deposited to K. ... ___ " ..

make the top electrodes, whose area was either 0.0028 cm2 or ,o
0.0007 cm 2. Thus metal-ferroelectric-metal (MFM) capacitors Temperature ('C)

or metal-ferroelectric-semiconductor (MFS) transistors were -------
formed. The MFS transistors were used for C-V measurement, ,F4

while MFM capacitors wvere used for all the other measurements. 1 400 -d ,1,0 'C,

The frequency dependent dielectric responses and C-V 0 ,00oi....,o ..... '-

characteristics were measured by a computer-controlled HP Do.i
4192A low frequency impedance analyzer. P-E hysteresis loops C oo /
were measured by either a computer-controlled modified .
Sawyer-Tower circuit or a RT66A ferroelectric tester (Radiant
Technologies, Inc.). Switching characteristics were recorded by (•

a LeCroy 9310M Dual 30W MHz oscilloscope following a 200

standard switching circuit. I-V anti TDDB measurements were
carried out on a HP 4140B pA meter/dc voltage source. n ,00 ,0o -C -O ,s

Fatigue and retention behaviors were characterized by using the Trimperat ure ('C)
RT66A tester.

Fig.2. Evolutin of dielectric constant (at 100kHz) of the
111. RESULTS AND DISCUSSION films with (a) temperature during the heating process of

A. Dielectric resixnse furnace annealing, and (b) temperature of RiA,

CH3080-0-7803-0465-9/92$3.0() ©IEEE 440
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Fig.3. Conduction-compensated P-E hysteresis loops of the films (0.54 thick) annealed b%
RTA at 650"C for varied time; (a) 1 s, (b) 15 s, (c) 3() s, (d) 60 s.

low frequency range (< 10kHz), small dispersion in the I __

dissipation factor can be found for the RTA films but not for
the furnace annealed films. This is attributable to relatively VP - 12V
higher conductivity in the RTA films caused by a higher GS RL, S'
residual Pb content. At the high frequency range ( > I0 0kHz), A • 00028cm -

the furnace annealed films are morL dispersive than the RTA > N

films, which is characteristic of thicker interface barriers.' o
Therefore, it can be suggested that RTA is definitely better in
the sense of minimizing interface reaction, while it should take b)

a little longer to reduce the residual Pb content although 1 s
looks enough for crystallization of perovskite phase. > NS

The evolutions of dielectric constant of the filnis with S
annealing temperature were shown in Fig.2 for both annealing SP

methods. As cart be seen, while the evolution of dielectric 0

constant during furnace annealing is rather slo%,, an abrupt
increase to the saturation value in the dielectric constant is I
observed in the case of RTA within the temperature range from Time (tOOns/div)
400 to 450J"C. These results further substantiates the

effectiveness of RTA.2  Fig.4. Switching characteristics of (a) the o i-honmh. rded
films and (b) the bombarded films, both anneiaed ,it

B. Polarization versus field 65()"C for I h.

Figure 3 shows a set of P-E hysteresis loops of the films gave rise to a non-switching transient (NS) merelr, due Ito tile
annealed by RTA at 650"C for different time. It can he noted normal capacitor charge. The diflcitecc of Ilhece t c uIt. Cls
that they all have nearly the same reminent polarization of then leads to a net sitching transleit (SP) due to sole
about 20 MC,'cim2, although the coercive field seems decreasing ferroelectric domain reversal.
slightly with increasing annealing time. This is consistent with The switched charge density (Q) can he determined hN
the results of dielectric measurements described above, and the area under the SP curse divided 0', the load resistance R,
again exhibits the nature of "explosive crystallization" by RTA. and the electrode area A and should be close to 2P,. It can be
The lower coercive field io the case of longer annealing time is seen from Fig.4 that, under the sirme measurement conditions.
presumably due to relative higher crystallinity and "purer" the SP-covered area (and thus the 0,) for the bhomharded filih
structure of the films, as more defects (including residual Pb) is much larger than that for the not-bhonbarded films, and I"
and grain boundary phase would be annealed out as annealing c,,nsistent with the fact that the low-energe vxygen uio
time increased, bombardment largely enhanced the remanent polarization of
C. Switching characteristics the films.'

It can be found in Fig.4 that the sitching time t,.
It has been found that with the assistance of low-energy defined as the time from the onset to a point 90"( down from

oxygen ion beam. many electrical properties of MIBERS the maximum value of the 5|: cure.' is about 230 ns for the

deposited ferroelectric films can be favorably modified. t -4 The non-bombarded films and about 260 ns tor the bombarded
switching characteristics were studied comparatively between films. Noting the values of Q, in the respective cases are 10.8
PZT(50/50) films grown with and without low-energy oxygen uC/cm' and 18.5 uC/cm' as determined from Fig.4. the
ion bombardment. Typical switching characteristics of the films difference in t, is small and not proportional to the large
are shown in Fig.4, in which only V(t) transients resulting from difference in QO. As the relation t, a 0, holds in each case and
the two positive pulses of double bipolar pulse input were the coercive field comes into the proportional coefficient."
recorded. In the measurement, the sample was initially comparison can be made between these two kinds of the films
polarized negatively with negative pulses. The first positive by using the ratio t,/Q,. It is this ratio, rather than t,. that
pulse resulted in a gross switching transient (GS) caused by the reflects the easiness of a switching process. For the bombarded
ferroelectric domain reversal (charge density of the capacitor films this ratio is appreciably smaller than that for the non-
changed by 60 - 2P,) plus a normal capacitor charge transient bombarded films. This fact implies that the domain reversal ii
(60 P,-P,). where P, and Pr denote respectively the the bombarded films is dvnamicallv more favorable and can be
spontaneous polarization and remanent polarization of the films related to the lower coercive fields of these filns comipared
Under the measurement condition. The second positive pulse with the non-hombarded films.,
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The switching time in the present case appears rather Sawle: HRF6IF2HIU X div : 1.000
large, ranging from tens of nanosecond to a tew microsecond. Linear/Log(C~ces) Y div : 7.0000
This is due to the relatively large electrode areas used.7 Figure
5 shows both load resistance (R,) and electrode area (A) ..... ........ . .-. P
dependencies of the switching time. Assuming a linear
dependence of switching time on the electrode area as .......
reported, 7 the switching time is estimated to be about 6 ns for I__
A=1 ](M) um , and less than I ns for A=]I gm at V = 12V and
RL=50 -l, being consistent with other reported results. ..................... . .. .... *..P r

VP .1V1 ......... .. 4. . 94 .. 0 *

,,J ' Fig.7. Fatigue behavior of the films under 17() kV cm
0", bipolar pulse cycling, shown are P = P, )-P,(-). rj P"

I - P,( +)-P,(-), and alike.

a Sap$le: WHAF61RT X div 0,600
Linear/Cu, Lot(Secs) Y div 3.5000

O A - 0 0028cmr
0 0 0,007 cm2

0 0,

RL (ohm)
° ....... *. ***'4**4*.o - - .4 *PIr

Fig.5. Dependence of t, on R, and A. Measured from the I I
non-bombarded films annealed at 650"C. 0...... ....- ...."'""'" -Piw"

To further quantify the dynamics of domain reversal, the
relation" t,=toexp(a/E), i.e. Iogt,=logt(,+a/(2.303E) was used .... .. ..... -p
to determine the activation field a for both bombarded and
non-bombarded films. Figure 6 shows data on field dependence Fig.8. Retention of the polarization of the films., written
of switching time and the fitting lines to the above relation, by a -5V pulse and then read by +5V and -5V pulses.
yielding an a of 284 kV/cm for the non-bombarded films and
an a of 197 kV/cm for the bombarded films. As expected,9 the The difference in fatigue and retention behaviors
a value in either case is about 4 times the respective coercive between the bombarded and non-bombarded films is that forfiels (). he Kis bou 55kV/c fo th bomardd flms the bombarded films the initial polarization is higher but decays
and about 75 kV/cm for the non-bombarded films, obtained faster, and becomes similar to that of non-bombarded films

from the polarization hysteresis loop under a 60 Hz sinusoidal after 10( switching cycles or lts s retention,
electrical field.4  E. I-V and TDDB behaviors

900 Figure 9 shows the results of measurement on I-V
800 /2 0t

800o K- 2 - response of both the bombarded and non-bombarded films.

600 annealed at 6(XYrC for 2 h. Several interesting dilferences can
50 .- ,-L5541 '2" be noted between the bombarded films and the non-bombarded

400 . ,films: (a) The ohmic resistivity of the bombarded films
(- 3 x1O" f2cm) is about one order of magnitude higher than

o00* that of the non-bombarded films (-3x 10"' (cm). (b) The onset
voltage of the space-charge-dominant conduction is much higher

200 for the bombarded films (-12 V) than for the non-bombarded
R = 22 ohm films (-3 V). (c) The bombarded films have much higher

A 0 0028 cm' dielectric breakdown strength compared with the non-
bombarded films (-77(0 kV/cm versus -350 kV/cm. under the

3 4 5 6 indicated measurement conditions). It was also found that for

I/E (10-3cmikV) films annealed at higher temperatures, these differences

Fig.6. Dependence of t, on the applied field (E) for (a) ,o _-_

the bombarded films and (b) the non-bombarded films, o . boo,

both annealed at 650'C. '0 "
D. Fatigue and Retention

Figure 7 shows fatigue behavior in polarization of the -0 o
non-bombarded films under ±170 kV/cm bipolar pulse cycling. U ' o
It can be seen that the decay in polarization is less than 20% " 1*"
after 1010 switching cycles. fim thickness 0 7 m

Figure 8 shows the retention of the polarization of such
films, measured by applying initially a -5 V write pulse and ',.

afterwards +5 V and -5 V read pulses. The loss in the stored Voltage (V)

charge is less than 10% after () s. Fig.9. I-V curves of the films (annealed at 600"C for 2h).
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become less significant while the values of the non-bombarded
films approaches those of the bombarded films. These
differences may be due to the difference in the microstructure
and the degree of non-stoichiometry between these two kinds
of films,' and are being under further investigation. 0 a

TDDB of the ferroelectric films is believed to have close Q 0\

relation to the I-V behavior since both of them are due to the
motion of charge carriers."t Figure 10 shows the TDDB \ \
characteristics of the above mentioned films annealed at 68WC 0 -
tor 2 h. As expected, the bombardment induced effect on -

(b)

S- t -' 1 -0 -5 C 5 '

i Gate Voltage Iv)

(, 09
(2) _ ---

r

A3 U

L*v 05

Fig.10. TDDB behavior of the films under a constant dc 0 2
field of 450kV/cm ((0. 7 L thick, annealed at 681C for 2h). C,_ -,_ -, 0

Gate Voltagle 1")

TI)DB is amazingly large. Under the same dc field of 450

kVicm, the non-bombarded films break down in about 50 min, Fig.11. Typical C-V loops of MFS configuration ot film.,

while the bombarded films can last for 925 min. (a) RTA annealed at 650'C for 15 s, and (b) furnace
annealed at 650"C for 2 h.

F. C-V characteristics

Ferroelectric films on semiconductors have been
proposed to be used in metal-ferroelectric-semiconductor
(MFS) configuration for non-destructive read-out (NDRO)
memory devices by making use of the ferroelectric field effect REFERENCES
which can be observed in terms of the typical capacitance-
voltage (C-V) characteristics."1 Therefore, C-V measurements 1. S.B.Krupanidhi, H.Hu and V.Kumar. J. Appl. Phys. 71.
were cairied out in the MFS configuration with the PZT films 376 (1992).
on bare Si substrate to study the ferroelectric field effect. 2. H.Hu, C.J.Peng and S.B.Krupanidhi, Submitted to Thin
Figure 11 shows typical C-V patterns for both furnace annealed Solid Films.
films and RTA films. It can be seen that in both cases there 3. M.Sayer, A.Mansingh, A.K.Arora and A.Lo. Integrated
exist C-V hysteresis loops which reflect the ferroelectric nature Ferroelectrics 1, 129 (1992).
of the films and are necessary to realize the memory function." 4. H.Hu and S.B.Krupanidhi, in this issue of proceedings.
However, significant difference between the two can be pointed 5. J.F.Scott, L.Kammerdiner, M.Parris, S.Traynor.
out from the different rotation directions of the hysteresis loops. V.Ottenbacher, A.Shawabkeh and W.F.Oliver, J. Appl.
In the case of RTA films, the C-V loop is dominated by the Phys. 64, 787 (1988).
ferroelectric polarization limited mode (Fig. 1 l.a), while for the 6. W.J.Merz, J. Appl. Phys. 27, 938 (1956).
furnace annealed films, the rotation direction of the C-V loop 7. B.P.Maderic, L.E.Sanchez and S.Y.Wu, Ferroelectrics
indicates a trap limited or carrier injection limited mode 116, 65 (1991).
(Fig. lb)I . This difference can be again attributed to the 8. S.K.Dey, C.K.Barlingay, J.J.Lee, T.K.Gloerstad and
different interface conditions between the RTA films and the C.T.A.Suchicital, in Proceedings of the Third Symposium
furnace annealed films." on Integrated Ferroelectrics, Colorado Springs, Colorado,

IV. SUMMARY April 1991, p.30 .
9. J.C.Burfoot and G.W.Taylor, Polar Dielectrics and Their

A series of electrical properties of MIBERS deposited Applications (Macmillan, London, 1979), chap. 12.
PZT films were characterized in relation to the processing 10. B.M.Melnick, C.A.Paz de Araujo, L.D.McMillan.
conditions. Many of them are found quite processing-sensitive, D.A.Carver and J.F.Scott, Ferroelectrics 116, 79 (1991).
particularly dielectric constant, remanent polarization, switching 11. S.Y.Wu, IEEE Trans. Electron Devices 21, 499 (1974).
characteristics, I-V response, TDDB, and C-V response. This
opens much opportunity of property modification of the films.
The techniques of RTA and low-energy oxygen ion
bombardment seem very useful for such modification.
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SOL-GEL LEAD ZIRCONATL-TITANATE ThIN FILMS:
EFFECT CF SOLUTION CONCENTRATICN

C. L vage, A. Safari and L. C_ Klein
Rutgers-the State UniverF ty of New Jersey

Department of ceramics
P.O. Box 909

Pis<jtaway, NJ 08855-0909

A The microstructure development of Experimental Procedure
PZT compositions near the morphotropic phase boundary,
PZT -_0 PT/50 PZ) and PNZT (2 Nb2 0 5 /53 PT/45 PZ), has :he choice or the solvent and rrecursors 5as

been investigated by scanning electron microscopy based oi, the following requ.irements. The solvent
(SEM), optical micr -copy, and X-ray diffraction sht-id have the proper boi.iiJg point, viscosity anr

analysis (XRD). The molar concentration of the pre- surface tension for the coating process. The soiuti-:

cursor alkoxide solution has been increased to 0.75M formed should have a high ccnoeo.ra:oon of the com-
from that of previous studies, around 0.20M. Thin ponents and be stable under arUlent con-lticnS. Wlth
films have been fabricated by spin coating Pt/Ti/ these considerations, a proce-due was adapted from
SiO2 /Si substrates with the alkoxide solution. it is earlier works 16,7]. Lead acetate trihydrate,

found that in the solutions with high molar concen- Pb(CH3 CO2 ) 2 .3H 2 0, zirconium propoxide, •(C 3 H7()4,
trations, perovskite phace forms at lower temperatures titanium isoprcpox..de Ti!(CH3 ) 2HO] 4 and niocium
than found previously in dilute solutions. In ethoxide, Nb(C 2 H5 0) 5 were used as starting mate ials
idd.tion, thu microstructure of the films is dense and with 2-metl~oxyethanol as a so.vent. Tc prevent
unifoLr, sh(•ing none of the spherulites found hydrolytic reactions lead acetate was first dissolved
previously [1]. in methoxyethanol and associated water was Doiled of:

by heating at 10"'C for 2 hcurs under nitrogen. After
dehydration, the lead solution was c-cled to 60C and

Int rodu= tiQn then zirronium, titanium and niobium alkoxides, mtxej
in a methoxyethanol solution, were added in the

T'he fabrication of ferroelectrc PZT, required stoichiometric ratio. The rusulting mrxtore

Pb(ZrxTil-x)O 3 in thin film form has generated consid- was refluxed at 125
0
C for 2 hours, cooled to room

temperature and adjusted to 0.75 M to form the
erable interest recently for nonvolatil.precursors solution. As described earlier by Lakercan
ductor memory cells [2,3,4]. A number o0 deposition et al., an FT-IR analysis o4 the prec,-rsor sclutionr
methods have been investigated includirg RF sputter- showed that all alkoxy groLps and part of the aceta-e
ing, laser ablation, chemical vapor deposition (CVD) groups were replaced by the ohelot ing 2-methoxyetnyl
and chemical solution processes suco as sol-gel or group 18]. Since individual . .allic specie- were
metallo-organic decomposition (MOD). Solution pro- bonded to the same ligand, a close rate of hydrolysis
cessing circumvents many of the problemu associated and condensation can be expected, leading to a high

with the synthesis of complex multi-componet- degree of homogeneity of metal distribution in gels
materials, since it offers the possibility of the or thin layers 19].
preparotion of t.-mogereous compositions by molecular
mixing in solutiun. This can lead to uniform Gels were obtained by mixing different
incorporation of dopantg ,nd reduced temperature amounts of water with the precursor solutions. At i-m
processing which allow integration with semicon- temperature the homogeneous solutions set to a trans-
ductors. Another advantage is that the rheological parent gel, in one week for a solution prepared adding
properties of solutions facilitate the formation of 10 moles of water per lead, and two days wit', 20
fibers, composites or thin films by techniques such as moles. Entrapped solvent was removed from the ,els iy
spin-casting, dip-coating or impregnation, heating at 100

0
C for two oays, leading to a desic-

cated gel.
The chemistry of the sol-gel process is

based on hydrolyzation and polycondensation of Thin layers were obtained by a multi-

molecular alkoxide precursors. The effects of the layering spin-casting technique. The precursor solu-

formation of polymeric structures during the hydro- tions were applied to platinum coated silicon sub-

lysis-condensation pro(ess on the development of strates (Pt/Ti/Si02 /Si) through a filtered (0.: ir)

properties in the products is not fully understood syringe, and then the substrates were spun at 4000 rpm
[5]. The reactions between alkoxides, the sol-'ents, for 30 s. The films were subjected to low terrperature
the molarity and the hydrolysis rates are all 'actors treatment (300

0
C) for solvent removal and partial

in determining the characteristics of gels and films, organic pyrolysis: then further deposition could be
made without redissolving the layers. By adjusting

This wo-k describes the preparation of PZT either the concentration of the solution or the nurnier
precursor solutions by an improved chemical method. of coatings, the require,- thickness was achieved.
These solutions, in, which we c ntrol the hydrolysis of After the final spin-coating, densification and
suitable metal alkoxide precursors, are used to spin- crystallization into the perovskite structure were
cast thin layers of PZT (50/50) and PNZT (2/53/4.) achieved by firing the substrate at 600

0
C for lh.

doped with 2 mole % of niobia. We show the effects of
the hydrolysis rates and alkoxide concentration on the A systematic study was made in order to
deposition characteristics, the microstracture of the examine the effects of r[ocess parameters such as the
thin layers, and the crystalline phase development, amount of water and alkoxide molarity on the
Comparing the experimental result obtained between PZT crystallinity of the perovskite phase and on film
and PNZT, we study also the effects of dopants on PZT microstructure Microstructural information was
thin layers. Finally, we find from comparisons with obtained by scanning electron microscopy (SEM) and
bulk powders that in thin layers the formation of the chararterization of crystalline phases by X-ray
perovskite phase is affected by stress and substrate diffraction (XRD). In order to investigat, 'he
interactions. different steps of formation of the inorganic network.

thin films and desiccated gels were subjected to
increasing heat treatment from 400 to 680

0
C.

CH3080-0-7803-0465-9/9213.00 ©IEEE 444



RsultS and Discussion Influence of water: Addition of water to

the alkoxide solution results in hydrolysis followed

Fffects of solution concentration, The by condensation reactions and the eventual development

first series of experiments was designed to study the of a polymeric gel network. The purpose or this

effects of sol concentration on the casting properties investigation was to vary the hydrolysis sates in the

of the solution and to determine their consequences on formation of PZT (50/50) and PNZT (2/53/45) films.

the microstructure of PZT films. Various amounts of Then we characterized the evolution of stiucture and

methoxyethanol were mixed with the starting alkoxide determine which processing conditions were most

solution in order to adjust the molarity of the suitable for the fabrication of a thin dielectric

solution. Five formulations with varying concen- layer.
trations were used for these studies. The viscosity of Various amounts of water were added to the
each solution was measured, and wet films were 0.79 M precursor solution. The quantity of water was

produced by spinning at 4000 rpm for 30s. Crystal- defined as the number of moles added for one mole of

lization of the perovskite phase was achieved by heat lead dissolved in the solution (Rw=[HZC/Pb]). The

treating at 600
0

C for lh. The thickness of the films prehydrolyzed solutions were aged for 24 hours prior
was measured using a profilometer. to spinning. Due to the chelating properties of the

methoxyethoxide ligand, the solutions have a low
Fig. 1 shows that the viscosity increases sensitivity to moisture during the coat-ng process

rapidly with the alkoxide concentration. As described [9].
by Scriven, with the spin-coating technique, control-
ling the viscosity of the precursor solution is a way XRD patterns of PZT and PNZT films obtained

to adjust the thickness of the film [10,11]. For with solutions made increasing the amount of water are
example, using the 0.75 M spin-casting solution, shown in Fig.2 and 3. All composition films, heat

typically a thickness of 0.1 Pun/layer is obtained, treated at 600
0 C for lhour, transformed to well

whereas using a 0.25 M solution the thickness of a crystallized perovskite phase. However, PNZT thin
single layer is around 0.02-0.03 gm. layers appeared to have a small proportion of a pyro-

For gd fr ctchlore phase as shown by the very broad peak at 300Fo odferroelectric properties, the films (20). In contrast PZT films show only pure perovskite

must be uniform, dense and crack-free. All these hae. In con PZt films soony purtervskit
qaiisare more likely achieved with submicron phase. As shown by the similar X-ray patterns ofqualities aeorlieyaheewihubionfilms made with RwŽ

2 e increasing the hydrolysis rate

films (0.2-0.7 pm) produced using the higher concen-

tration solution (0.75 M). SEM photomicrographs (not during the sol-gel process does not affect signi-

shown here) of a 0.5 jim thick film show uniform films ficantly the crystallinity of the perovskite phase.

with fine grained microstructures. This micro- Grain size, estimated by the Scherrer equation,

structure was also observed on a film with an appeared to be relatively independent of water

equivalent thickness, but which required more layers content, with values from 60 to 80 nm.

deposition of a more dilute solution (0.50 M). Another feature to note is that layers

Comparing the microstructure of a variety of derived from prehydrolyzed solutions tended to be more

thin films, we observed that increasing the molarity oriented in the [110] direction as shown by the

of the casting solution lead to a very dense micro- different x-ray values of peak height ratios

structure, appearing fully dense for the 0.75 M (100)/(110) (Table 1). This ratio for films prepared

solution. This reduction of film porosity may be without water was similar to that for powder samples

attributed to the smaller proportion of solvent (JCPDS) with a value around 5-6. In contrast, .ll

evaporated during the firing process. Using a higher prehydrolyzed films show a peak height ratio value two

concentration solution increased not only the thick- time greater around 10-12. This difference in crystal-

ness of the films but also its quality. Additionally, lization may be attributed to different oligomeric

a reduced number of deposition steps is more desirable species, or polymeric structures, produced during

because it makes the process cleaner and less time- hydrolysis and condensation [14,15]. In addition,

:onsuminq [12]. analyses of the microstructure of the films, show that

non hydrated solutions produced dense, crack-free

By XRD all films show pure perovskite phase layers, while those containing water showed a tendency

with good crystallinity. The mean crystallite size was to form cracks. This may be attributed to a faster

estimated by the Scherrer equation [13] analyzing the gelation rate in the prehydrolyzed solutions compa. d

line-broadening for the (110) peak of the X-rays to the rate of evaporation of the solvent.

pattein. Correction of the instrumental broadening

was made using the (111) silicon peak of the substrate As described for the MOD process, based on

as internal standard. The mean crystallite sizes are the use of high molecular weight precursors and

mzre or less the same for the different concentration solvents, with a lower condensation rate, the films

solutions, around 50-7C nm. first shrink with the evaporation of solvent and then
crosslinking occurs during the decomposition of the
metallo-organic compounds (16,17]. Films made with
non-prehydrclyzed soluticns seem to be able to lose

5- solvent and shrink concurrently with the formation of
"a continuous polymeric gel during the coating process.

From the experimental results, it is clear
4-

that additions of water do not improve the crystal-
linity of the films and, instead, lead to micro-
structure defects. Better PZT thin films using the

4 chemical process described above can be easily
prepared with non-prehydrolysed solutions.

"Electrical properties were measured by
depositing platinum electrode dots on the top of a 0.5
Pun PZT film prepared with the 0.75 M solution with no
water added. The films presented typical P-E

0.0 0.2 0.4 0.6 0.8 1.0 symmetrical hysteresis loops. The remanent

Concentration (mole/L) polarization and the coercive field were measured to

be 6.5 pC/cm
2 and 55 KV/cm.

Fig. i: Viscosity Cf the sol as a tunction of the
mr:larity cf the precursors solution.

445



Table 1: Characteriatics of PZT and pNZT Thin Films [18], heating the film at 600
0

C for 1 min using the

Composition R, Layers Thickness (100)/(110) Xtal rapid thermal annealing (RTA) process, a direct

I (Pm) Size transition from amorphous to perovskite phase occurs,

(nm) thus avoiding the formation of the pyrochlore phase.

PZT k0.75M) - 5 0.5 4.5 65

2 5 0.5 11.8 70

5 5 0.5 12.1 67

PN T ( . 5 ( 10 5 0.7 10.1 77a
PNZT (0.75M) - 5 0.5 5.5 85, , __ .

2 5 0.5 10.1 75

5 5 0.5 10.0 77

10 5 0.7 9.8 62

- nlptw s

Fig. 2: X-ray diffraction pattern of PZT thin films on
platinized silicon substrates, increasing the amount
of hydrolysis water (heated at 600 C for lh).

Fig. 4: Effect of I 3t treatment temperature; XRD

-* patterns of PZT thin films on platinized silicon
- 0 * ssubstrates, heat treated 1 h, (a) Rw=0 and (b) R =S

.. T, " • ,-~

Fig. 3: X-iay diffraction pattern of PNZT thin films
on platinized silicon substrates, increasing the 5
amount of hydrolysis water (heated at 600 C for lh).

Crystalline phase development: In order to
investigate the steps of formation of the perovskite '• ""A •
phase, PZT and PNZT films treated at 400, 450, 500 and _

600'C for 1 hour have been studied by XRD analysis. X- b
ray diffraction results for non prehydrolyzed PZT I
films and PZT films prepared with Rw=5 are shown in

Figs. 4(a) and 4(b), respectively.

For all compositions with different amounts
of water,thin films show the same crystallization

process: Heat treatment at 400
0

C resulted in the
formation of a very broad "amorphous" hump at 300 (2 1
0), the only diffraction peaks present being due to
the silicon and platinum constituents. Broads peaks,
29.5, 34.5, 49.5 and 590 (20), corresponding to a

pyrochlore phase (A2 B2 0 6 or AB2 07 ) appear at 450
0

C.
Further heating promotes development of the perovskite

phase so that by 600
0

C virtually all pyrochlore has ,•-,f, £,0

been eliminated and thin layers exhibit pure perov- Fig. 5: Effect of heat treatment temperature; XRD
skite phase. As reported before by earlier works patterns of PZT gel powders (a)Rw=10 and (b)Rw=20.
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ABSTRACT RESULTS AND DISCUSSION

Thin films of lead zirconate titanate (PZT) Ruthenium Oxide vs Platinum Electrodes
were deposited on a variety of substrates using the
sol-gel process. These included Pt/Ti/Si0 2/Si, Polycrystalline PZT films were deposited on
RuO 2/SiO 2/Si, RuO2/MgO, Pt/MgO and Pt/Ti/MgO. RuO 2 and Pt electrodes. Hysteresis and fatigue tests
Epitaxial, oriented and polycrystalline films were were performed on Pt/PZT/Pt/Ti/Si0 2/Si and
obtained after annealing at 700'C for 10 min. RuOx/PZT/RuO2/SiO2/Si. Fig. I and Fig. 2 show the
Polycrystalline PZT films with RuO 2 as top and hysteresis loops on the above films. The
bottom electrodes show superior hysteresis and RuOx/PZT/RuO 2/SIO 2/Si capacitor shows higher
fatigue behaviour as compared to such films on Pt. remnant polarization values in comparison to the
Epitaxial films on Pt/MgO and Pt/Ti/MgO display Pt/PZT/Pt/SiO2jSi capacitor. However the resistivityexcellent fatigue behavior, large remnant polariiafion , the PZT film with ruthenium oxide electrodes is
as compared to their polycrystalline counterparts on about two orders of magnitude lower(10 8-109 ohm-
Pt/Ti/SiO2 /Si. The results suggest that different cm). Both films were of comparable thickness (0.15
fatigue mechanisms may be simultaneously operating. and 0.18 pm). The coercive fields for both films are

of similar magnitude (100-120 kV/cm).
INTRODUCTION

Extensive research is being carried out on EXPERIMENTAL
ferroelectric thin films of lead zirconate titanate
(PbZrxTii.xO 3) because of their potential applications The procedure for the preparation of stock
in DRAMs and non-volatile memories [1,21. solution is based on an inverted mixing order
Ferroelectric memory devices have many attractive technique developed at Sandia National Laboratories
features such as non-volatility, radiation hardness and [8]. The precursors used were lead (IV) acetate,
speed. The basic requirements of such a memory zirconium-n-butoxide and titanium-iso-propoxide.
device are: a) the switching voltage should be less These were dissolved in methanol and acetic acid.
than 5V and b) the films should be able to withstand Water was added to make the final molarity 0.4 M
1015 read/write cycles, although 10l0 cycles also PZT. Both spin on and dip coating techniques were
offers device possibilities [31. PZT is a promising employed to make films. Each film was formed by
candidate among the various ferroelectric materials multiple layer deposition with each layer being heated
for memory applications. It has a large remnant at 3000 C for 5 min. in order to convert the film into
polarization and a low coercive field among other an inorganic amorphous structure [71. Finally the
properties. However, fatigue is of major concern in films were annealed at 7000 C for 10 min. and
terms of reliability of devices made from PZT films. rapidly cooled by removing them directly out of the

The various techniques that have been furnace.
investigated for PZT thin film deposition include Thin films of PZT were deposited on
sputtering [4,61, laser ablation [5], organometallic RuO2/SiO2/Si, Pt/Ti/SiO2/Si, RuOJMgO, Pt/MgO and
chemical vapor deposition (CVD), metalorganic Pt/Ti/MgO. XRD, TEM and field emission SEM
decomposition (MOD) [31 and sol-gel processing [71. were used to characterize the films. The top contacts
In this study, the sol-gel technique has been used to were fabricated by lift-off photolithography. In the
deposit films with a composition of PbZrO.53Ti0.470 3. case of RuOx top electrodes, ruthenium metal was
An attempt has been made to understand the role of first sputtered and then patterned by lift off.
the electrode type and film crystallinity on fatigue. Subsequently, the ruthenium metal contacts were
We have compared two sets of PZT capacitors with oxidized in pure oxygen at 500' C for 30 min.
different electrodes, viz. RuO,/PZTiRuO 2/SiO2/Si and Measurements were done on electrodes of size 100 by
Pt/PZT/Pt/Ti/Si0 2/Si. Polycrystalline thin films of 100 gtm 2 or 50 by 20 g m 2- The electrical
Pt/PZT/Pt/Ti/SiOJ/Si are also compared with epitaxial measurements included hysteresis and fatigue using
films of Pt/PZT/Pt/MgO and Pt/PZT/Pt/Ti/MgO in the RT-66A ferroelectric tester from Radiant
terms of hysteresis and fatigue behavior. These films Technologies.
were processed under identical conditions.
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Fig. 3 Comparison of fatigue on Pt and RuO2

Fig. i Hysteresis loop of a Pt/PZT/Pt/SiO2/Si film electrodes

80
RuO IPZTIRuO /SiO /Si Limited research has indicated that the

60 .. . conduction process in PZT based capacitor systems is

~ 40 bulk controlled, especially at low fields [10, 111. It
4 was observed that microstructure of PZT film on

0 RU02 was different from that grown on Pt. This
20 0 difference may contribute to the higher leakage

""0 0 current observed in RuO 2/PZT/RuO 2 system as
0 0 compared to that in Pt/PZT/Pt system. In contrast, the

S-20 • ohigher leakage current can possibly be due to the

0 ,lower work function mismatch between RuO 2 and
PZT as compared to that between Pt and PZT [121.

""0.5 vts This difference in leakage currents may be related to
60 0.5 rgm the observed difference in fatigue.-60 • Contact: 20 x 50 lain2

.80 l.... . ... LA. " 1 '.. ' .... Enitaxial vs Poh'crvstalline Films
-400 30 -3.00 - 100 0 I00 200 300 40

The properties of epitaxial PZT films in the
Field(KV/cm) Pt/PZT/Pt/MgO and Pt/PZT/Pt/Ti/MgO systems were

compared with those of polycrystalline PZT in the

Fig. 2 Hysteresis loop of an RuOx/PZT/RuOY/SiO2/Si Pt/PZT/Pt/Ti/SiO 2 /Si system. To separate the effect of
Film film crystallinity from other variables (such as

electrode type, processing parameters), we fabricated

Fig. 3 shows the fatigue curves of the two PZT capacitors under the following conditions: a)
capacitors. Here, one clearly notices the superior Pt/Ti layers were simultaneously deposited on MgO
performance of RuO•/PZT/RuO 2/SiO 2 /Si. After and SiO2/Si in the same deposition chamber, b) PZT
extrapolating to 1010 cycles, the value of (P*r-PAr) is films on both substrates were made under identical
about 15 gC/cm 2 for RuOx/PZT/RuO 2/SiO2/Si processing conditions.
whereas it is only about 0.5 ltC/cm 2  for The films on Pt/Ti/MgO were epitaxial (the
Pt/PZT/Pt/Ti/SiO 2/Si. P*r and PAr refer to the polarization vector oriented only perpendicular to the
switched and non-switched polarization, respectively, plane of the film), while those on Pt/Ti/SiO2 /Si were
The difference (P*r-PAr) is equivalent to 2Pr polycrystalline. The grain size of the epitaxial film
(assuming a symmetric loop). In memory applications and polycrystalline film were about 0.22 gtm and 0.15
a capacitor is considered to have failed if P*r-PAr is gtm respectively, as observed by TEM. It can clearly
smaller than 0.5-2.0 gC/cm

2 191. In our experiments be seen from Fig. 4 that the epitaxial film displays
we have chosen 2.0 jiC/cm 2 as the criterion for better properties (higher polarization values and a
capacitor failure. This implies that the polycrystalline more square loop) as compared to the polycrystalline
PZT film on RuO2 is device worthy while that on Pt film. The higher polarization values for the epitaxial
is not. film can be attributed to the high c-axis orientation of
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the film. Besides,the more square loop results because 80
there is no stress induced polarization reversal --o- Epitaxial 5 Volts
process operative to slim the loop. Thus it is behaving 70 0 Polycrystalline 500 KHz
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the same for the two films. 60
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fihns 1r Polycrystalline

,-, 1 • • PZT/Pt/Ti/Si/SiO

A comparison of the fatigue profiles of the two C .......
films is shown in Fig. 5. It is evident that the -10

epitaxial film has a better fatigue life. Alter 10"1 %

cycles, the value of P*r-PAr is about 22 iCLcm 2 for
Pt/PZT/Pt/Ti/MgO whereas it is only 0.5 p.C/cm 2 for -30
Pt/PZT/Pt/Ti/Si0 2/Si. Both the top and bottom CL

contacts for these two films were deposited under 50
identical conditions. However, they display very -600 40 -2W 0 200 400 600

different fatigue behavior. This leads us to believe Field (kV/cm)
that some other mechanism besides interface and
electrode effects is also responsible for fatigue. This
other mechanism could involve domain wall pinning Fig. 6 Hysteresis loops on Pt/ MgO and Pt/Ti/SiO2/Si
at structural defects in the film. These could include
point defects such as oxygen vacancies [131 and A similar study on the effect of orientation on film
possibly planar defects . Stress could be an important properties has been reported by Tuttle et al.[14].
parameter. It should be noted that, in distinct contrast
to the polycrystalline films the virgin and the REVERSIBILITY OF FATIGUE
switched states of the epitaxial films have the same
stress condition (ie. there is no strain associated with It is possible to restore the original hysteresis
the switched state). There is therefore no stress- loop of a fatigued film. This can be done in more
driven mechanism of polarization reversal. This is than one way. For example, Scott et al. [15] showed
also consistent with the observation that loss of that the original loops of fatigued films can be
retention is also significantly less in the epitaxial films restored by applying a voltage much larger than the
(see Fig. 6). fatigue voltage for a period of 30 pgsec. This worked

for sol-gel films only. Ramesh et al. [9] were able to
An epitaxial PZT film was also grown on restore the original loop of fatigued films by applying

Pt/MgO omitting the Ti adhesion layer. This too a voltage of the same magnitude as the fatigue voltage
displayed larger polarization and better fatigue for a period of two seconds (This was simply done by
behavior than PZT films on Pt/Ti/SiO2/Si as shown acquiring a resistance measurement using the RT66A
in Fig. 6. The polarization values of of this film ferroelectric tester). They reported such an effect on
are higher than those of the PZT/Pt/Ti/MgO PZT films grown by laser ablation on YBCO/LaAIO 3
indicating a higher degree of (001) orientation, substrates.
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We have been able to restore the loops of epitaxial spin coating and metalorganic decomposition", L
films after they were fatigued at 5 volts. This Appl. Phys., Vol 70(4), pp 2290-2298, 15 Aug 1991.
required the application of X-1() V for a period of 2 141 NI. S. Ameen et. al.," Processing and structural
seconds (see Fig. 7). For polycrystalline films, we characterization of ferroelectric thin films deposited
were unable to completely restore the original loop by ion beam sputtering", in Proceedings of MRS
even after applying up to 15 V for 2 seconds. This Symposium, Vol 2(K), 1990, pp 65-76.
again, may indicate that domain wall pinning is more 15] O.Auciello ct al.,"Synthesis and characterization
pronounced in the case of polycrystalline films than of PZT thin films by an automated laser ablation
in epitaxial ones. deposition technique", J. AppI Phvs..tin press, 1992)

[61 0. Auciello and A. I. Kingon, "A critical review
40 of physical vapor deposition techniques for the

S* Before Fatigue synthesis of ferroelectric thin film s", to be published

E 0 Alter 10' c)cles in the Proceedings of the international Symposium
,7 on the Applications of Ferroelectrics, Greenville, SC,

1992.
.0 pt/PZT/PI/Ti/gO [71 G. Yi, Z. Wu and M. Sayer," Preparation of

Pb(Zr.Ti)0 3 thin films by sol-gel processing
08After Electrical, optical, and electro-optic properties ",J.

10 V for 2 sec. Appr. Phys., 64(5), pp 2717-2723, 1 Sep. 1988.
S.181 R.W.Schwartz et. al.," Spectroscopic and

"voltage = %oits microstructural characterization of solution chemistry
-. Contact: 100 x tO0 ptm, effects in PZT thin Film processing", in Mat. Res.

Soc. Symp. Proc., Vol 243, " Ferroelectric Thin
-to -400 -0 0 2W m (0, Films II", Eds. A.I.Kingon, E.R.Myers and B.Tuttle.

Field (KV/cm) MRS, Pittsburgh, 1992.
[9] R.Ramesh et.al. ,"Fatigue and aging in

Fig. 7 Fatigue reversibility in epitaxial films ferroelectric PbZro. 2Ti 0 .80 3/ YBa 2 Cu307
heterostructures", Integrated Ferroelectrics. Vol.1,

SUMMARY ppl-15, 1992.
[101 X. Chen et al.."Electric transport properties of

Our analysis of the RuO2 electrode has shown that it PZT thin films for ferroelectric memory
has the potential for use in PZT based ferroelectric applications", (submitted to J. App1. Phys., 1992)
memories. Films grown on RtLO 2 display better [111 J. F. Scott et. al., " Quantitative measurement of
properties in comparison with those on platinum in space-charge effects in lead zirconate titanate
terms of fatigue and polarization values. However, memories". J. Appl. Phys., 70(1), pp 382-388, 1 July
these films have higher leakage currents. Epitaxial 1991.
films show supeti r properties in comparison to 1121 I.K.Yoo et al.." Leakage current studies of lead
polycrysaiiine films. In particular, they show zirconate titanate thin films". to be published in the
excellent fatigue and retention performance even on Proceedings of the International Symposium on the
Pt electrodes The studv on fatigue has revealed that Applications of Ferroelectrics. Greenville, SC, 1992.
more than one failure mechanism may be [13] 1-1. M. Duiker et. al.,"Fatigue and switching in
simultaneously operating. Loop restoration after ferroelectric memories: Theory and Experiment", J.
fatigue can be more easily achieved in epitaxial films App2. Phys., 68 (11, pp 5783-5791. Dec 1 1990.
than in polycrystalline ones. [141 B.A.Tuttle et al.. " Highly oriented chemically

prepared Pb(Zr,Ti)0 3 thin films ".in Mat. Res. Soc.
Symp. Proc., Vol 243, " Ferroelectric Thin Films II",
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CONTROL OF LEAD CONTENT IN PLZT THIN FILMS PRODUCED USING
CLUSTER MAGNETRON SPUTTERING

K F Dexter, K L Lewis and J E Chadney
DRA Malvern, St Andrews Road, Malvern, Worcs WR14 3PS, UK

EXPERIMENTAL

The work was carried out in a UHV system with 50mm
The deposition of PLZT thin films by cluster magnetron planar magnetrons (Fig 1). The sputtering targets used in
techniques is described. X-ray photoelectron spectroscopy this work are PLZT (8/75/31.5) ceramic and metallic lead
has been used to determine film composition ovei a range (99.9% purity). Polished c-plane sapphire substrates, 25mm
of substrate temperatures. As-deposited films have been diameter, were positioned at 110mm from the targets. A
studied by X-ray diffraction techniques and the role of post calibrated substrate heater was used to generate
deposition annealing has been assessed. The morphology
and growth rates have been determined, temperatures of up to 640*C. Sputtering was carried out in

mixtures of argon and oxygen, whose composition was
controlled using Brooks 5850R series mass flow controllers.

INTRODU•• I• N The effect of plasma thermalisation was studied by

variation in deposition pressure over the range Ix10-1 to
Thin films of PLZT have been studied extensively in order 8Pa. All experiments reported in this work were carried out
to exploit their ferroelectric and electro-optic properties (1,21. at 2x10"lPa. The composition of the films was determined
Deposition of PLZT (x/y/z), where x, y and z are defined [3] after deposition by X-ray photoelectron spectroscopy (XPS).
by,. These measurements were calibrated using a PLZT 9/65/35

optical grade ceramic standard. All surfaces were etched in
Pbl-x/100Lax/100(Zry/100Tiz/100)l-x/400O3 Ar+ at 5000pA, 2.5kV for 30 mins to remove surface

contamination before analysis. Studies of films deposited
is achieved in this study using r.f cluster magnetron in situ in the UHV system used for XPS analysis confirmed
sputtering. This technique offers advantages over other the reliability of this technique, and demonstrated the
routes in terms of film quality, surface morphology and absence of preferential sputtering effects. One particular
compositional control. In common with other methods, advantage of using this technique is the ability to determine
such as sol-gel deposition [4,5], and single target r.f. reliably the oxygen content of the films. The crystal
sputtering [6,7,8] control of lead stoichiometry is a key issue structure was determined using a Siemens D5000
and using a cluster magnetron (Fig 1), we report diffractometer, using Ni filtered CuKo radiation.
incorporation of Pb into our PLZT films up to and in excess
of the chosen stoichiometric value. This allows the A Wyko TOPO 3 white light interferometer was used to
exploration of two step deposition/anneal processes, where assess the effects of a post-deposition anneal on film
films containing an excess of Pb can be sputtered at room morphology. Growth rate data has also been determined
temperature and annealed into the perovskite phase [9] using this technique and cross-referenced with a Dektak

2000 step meter. Annealing experiments were carried out
using a fused silica resistive heater furnace with in situ
temperatures monitored by a Pt:Pt/Rh thermocouple.

RESULTS AND DISCUSSION

The effect of power applied to the secondary lead source can
be seen in Fig 2. The Pb content value required fori stoichiomnetric 9/65/35 PLZT is 0.91 (for oxygen =3), and so

an excess of lead can clearly be incorporated into the films,
" provided that 5% oxygen is added to the sputtering gas. The

Simportance of oxygen in controlling the incorporation of

"" lead into the films is clearly evident from Fig 3, which is
0 consistent with other work in this field [10]. This is

fundamental to the achievement of the correct
stoichiometry of films at growth temperatures in excess of

. 600°C (Fig 4). However, both the input of oxygen during
deposition, and the application of power to the secondary

Fig. 1: UHV cluster of 50mm magnetron sputter sources lead target have the effect of reducing the growth rate.
with shutters, gas rings and a fast atom source Films deposited at room temperature are amorphous. At
(courtesy of Atom Tech Ltd). intermediate temperatures (<500"C), mixed phase deposits

CH3080-0-7803-0465-9/92$3.00 ©IEEE 452



4- 4-4

-- 540C
. . 640C

5% oxygen/95% argon 5% oxygen

3-3 -2 x I OE-3 mnbar -3

*J C
20% oxygen 2

00

u 0\

. 0.0

0 . . . . . . .. . . . . . . . . .. . . . . . . . . . . . . . . . . ....... ...... *..........0 a --". ...-. 0
0 10 20 30 40 0 10 20

Pb source power /W Pb source power/W

Fig. 2: Variation of Pb content (normalised to oxygen = 3) Fig. 4: Variation of Pb content with RF power applied to
with RF power applied to Pb source for films grown Pb source for films grown at two different
with and without oxygen, substrate temperature temperatures. This shows the steep variation in Pb
540°C. This emphasises the role of oxygen in content with change in deposition temperature
controlling the Pb content of PLZT films.

3 .are obtained, but even at the highest temperatures
examined it has been difficult to produce 100% phase pure
perovskite material. Films of highly oriented pyrochlore
(Fig 5) are readily obtained at temperatures between 500 and

640"C.

2The ability to deposit films containing excess Pb allows the
exploration of 2-step annealing for the production of

C perovskite films. This process uses a room temperature
Sgr ,.. 'h ;rage followed by post deposition anneal. Films
.0 deposited at room temperature can have lead contents in

excess of 200% of the required value, and in common with
the higher temperature deposition excess lead films, they
are black in colour. Subsequent annealing at 600'C for 2
hours in air produced single phase 110 perovskite films (ao
= 4.153A). The films then have an optical transmission

Pb source at IOW close to the Fresnel limit of 75% at 632.3r, .
0 1 1 1

0 2 4 6 8 10 12 Studies of surface morphology using white light
X oxygen interferometry have highlighted an increase in surface

morphology produced as a result of the anneal process.
This is related to the exact amount of lead present in the as-

Fig. 3: Variation of Pb content (normalised to oxygen = 3) deposited films, and in the worst cases can be in excess of
with oxygen level for a fixed power level to the Pb the with pinholes 2-3gm in diameter. These are clearly
source of 1OW and substrate temperature 540°C. the result of grain growth phenomena and the ensuing

crystallisation of the film.
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Fig. 5: X-ray diffraction spectrum ot a thin film of PLZT
grown at 560'C, showing the high level of preferred
orientation found in pyrochlore films.

SUMMARY

Cluster magnetron techniques have proved to be a very
effective method for controlling the incorporation of lead
in PLZT thin films. As-deposited films can be either
amorphous or pyrochlore phase. Subsequent annealing of
films can produce single phase perovskite layers.
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EFFECT OF CORE SHELL MORPHOLOGY ON DIELECTRIC PROPERTIES OF Zr [DOPED BlaTiO 3

T.R. Armstrong, R.D. Roseman and R.C. Buchanan, Dept. or Miaterials Science
and Engineering Univ'ersity or Illinois at Urbana-Champaign, IL 61801

Abstract E'xperinitu itaI

The dielectric properties ot modified BaTi() are highly Samples %ýere ptrepared bal-n Iii ai purtls
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(i ticiCocentrtattio ttf t4) dttntains,. It has been slitm~n that this i he indentation ailai'.Sis tihe fracture toughmitess ta

increase Iit stress level leads alsi to an mincrease in thle determined for applied litids inl thle ritice 01.1 itt 0.5 kg using a

perniittit-,i I]1. loadingi timel Of 90) S. The Ineas~irerntetis Nere carried utut as at

BalIi( ; calt be doped \% iti istivalenit tions, stich as. Zr 4 . function ef titme (I1,h 10, ) 100I). 'Ithe indnitatitin slie and

in snmall concentraitiiNs ato mnitth its dielectric behavior and to Vickers indentation crack lenthel \%ere measuN~red ittinmediatels"

contnrol detisificatioti and( _,raiii site [2-51. These dttpanis have after loading. The apparent stress %%.as determittind frotm time

the effect of shifting the transititoi temlperatures and of slope oif a plot oif tile fractuire itou 'hness \ersu~s the square rottt

broadenling_ ttr etlilanlCitme, thle macn1Ilitude of the pernittiv.its' of the crack letngth. Ail mticrotsctpic esam-ittatiotis and

peak. Zr(), acts as a grain grtissi inhiibitoir due to inecttplete selected area diffractiotn atmalsses \%ere Ctonducted oin a Philips

solid solutioin at temperatures, \%here the additive resides [IN1 420 TEM. operated at 12)) keN. TIhe etiiereent betmn

primarily at tile ,ri iondaries [6-81. liroimdening tif thle electron diffractitn Studies we re carried anut %kithm an operating

permi.ttivity peak %%ithm temperature (huie tot Zr additiotns has voltlage of 80) keV.

been attributed varitLISIV ito lotcil variation inl composition, tio Results and1( Discussion

biphasie grains anid to structural changes in thle unit cell %khich The effects of Zr( ) additions to BaTi( ) are co mpared

result in h igh intternal stresses and a distribution of Curie in the SEM micruographs tif Figure I for samples sintered at

temperatures [4,9,1)01. The inicrostrUCtural refinement anid 1 3210C. A detnse linicrtst ritture otf essetiiails lair-ec grainis

dielectric behavior changes which aire a result Oif thle doping was foutnd for the unmodified Bali( ); (nit ir( ) additionls) as
tiehighly dependent upon heat treatment and dopant showkn in Fig. IA. With 2.)) %/o Zr(, a~dditionti (Fi.II)a

cttncentrat ion. Seve rat investigators [2.15] have showAn that Zr microstruictuire cottsistitng, entitrek Of unitril stinall grains

additions decreased] the axial ratitii resultinrg in a pseudoctl~iic (average grain size 11.8 Jim) w\as itbta i tied. Thie

structure. U~nder cotntrotlled proicessing conditions. a complex microstructure shiiwn t in Fi.Ili is compilrised of approiximately
stress state wvas found to exist, the result core-shell grains 50 vol.o7, core-shiell grains, wvith lesser amounts being present
being developed [3.10]. at slightly lower temperatures. Thle core-shiell graiins tire

As in most ferroelectric materials, device properties chairacterized by a center of pure lBniiOl su rromutnded bs' a

depend upon grain morphlolit v ais well ais defect anid grain diffused shell of -raiini btunidary modified material, as
boundary states. These characteristics in (lomped 11.1"iO3 depicted in Figures IC anid I1), svh ieh shows t rtnsmkýisstn

cceramics are dependent uopun developed microstrUttctres ais electron microscope ('ITN) mien istruictural iiaves otf tile

"well as on the diumain anrd lattice structures, which are a result core shell struictutres. As indicated, there is a discontinuity

of processing parameters. In this investigation, the objectives between thme dornaii s in time cenitrail core anid tile surrounndiltie
were to study the effects of grain miorpholoigy arind grauin shell which is free of dotmainis. The x-ray intensitv distribution.

domnain structure onl initernal stress anid dielectric propterties in derived fre-ii entergy dispersive x-ray spectroscopy (ED1S) data.
Zr4 f motdified BaTiO.;, given in Figure 2, shosw the relative concentration of Zr to

decrease as thle core is approtached wiiih no Zr being present in



the core region. From selected area diffraction (SAD) and core shell grains show much higher internal s-ress levels, a
convergent beam electron diffraction (CBED) analysis of the decrease in c-lattice parameter and a corresponding decrease
high-order Laue zone (1101Z) lines in the [4"l] beam in c/a ratio. The permittivity response of the BaTiO 3
direction, the shell was found to be tetragonal, but highly modified with 2.0 wt ¾ ZrO2 is shown in Figure 3. The
strained and with expanded lattice parameters, giving a higher measured permittivity is seen to be relatively flat wiih respect
unit cell volume as indicated in Table 1. The volume to temperature and shows a suppressed ferroelectric transition
expansion mismatch between the two regions (shell and core) region. Table 1

vas determined to be -4.4%. This places the core in
compression, directed mainly along the c-axis, as evidenced by Latice Parameters ofUZrO Doifed BLaLi0 3 , Coe
the overall pseudocubic structure which is developed. Region, ShVll and Unmodified BaTiO3S~ Vol. Volume

. 1, , . ,|- Sample i(nm) c(nm) c/a (nm3) %Strain

` 4 Cori. .4000 .4026 1.007 .0644 4.89
, . Shell .4050 .4117 1.017 .0675

. BaTiO 3 + .4004 .4027 1.006 .0645 0.23
'k."S w 2 wt% ZrO2

0BaTiO 3  .3994 .4038 1.011 .0644

"The overall effect of the ZrO, additions to BaTi03,
*" therefore, is formation of a diffused boundary phase and a

C ' . - . • D distribution of Curie points related to the diffuse phase
- ,transition, where a Curie region rather than a Curie point is

found. These changes explain the flat permittivity response
with temperature.

Table 2
Internal stress as a function of aging temperature, time and grain size for

I , BaTjO 3 modified with 2.0 w.% unstabilized zircoria.

am Avera'e Sintering Time Aging Temiperature (*C2

Grain siz Temp ture (h) 25 5090
Fig. 1 SEM images showing effect of added ZrO2 (B) to r, mh 2 0
BaTiO 3 (A). TEM images (C, D) of core-shell grains in Internal Stress (MPa)

10.28 1300 1 134 113 G
BaTiO 3 modified with 2.0 wt% ZrO,. Sintered at 1320°C/2h. o. 128 82 75

100 70 68 620.100 BO + 2 wt% ZrO2 036" 1310 1 119 85 68
Core-Shell Groin GS=O..S., 10 75 69 52

o100 55 68 48

0.075 0.43' 1320 1 355 136 11510 292 105 91C 100 184 80 78

* Core-shell grains in the rnicrosructure
S0.050

0 4

Z 0.025
0-'oa 2 ~~

Shell 0Core Shell i~
x 0.000 

0
0 200 400 600 800

DISTANCE (nm)6 BcTiO3+2wt% ZrO2
Fig. 2 X-ray intensity ratio showing distribution across typical 1320C/2h
core-shell grain. .s .°0

The apparent internal stress level was determined by "
use of the microindentation technique described by Okazaki
[Il]. Data on the internal stress states, as a function of static
aging by heat treatment (at 25', 50°and 90'C under a
constant applied field of 0.1 V rms) and as a function of grain -50 -10 30 70 110 I5O
size (sintering temperature), are given in Table 2. Temperoture ('C)
Accompanying the decrease in grain size is a decrease in the Fig. 3 Dielectric response for BaTiO 3 and BaTiO 3 modified
conccntration of 90' domains, and a pseudocubic modification with 2.0 wt% ZrO,.
of the tetragonal structure, as indicated by the lattice
parameter data in Tlble 1. From these tables, specimens with
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Several models have been proposed to describe and Conclusions
predict this permittivity response [12-141. A model developed Grain morphology and des eloped internal stresses in
from this research ielates the permittivity (e) to internal stress BaTiO 3 based high dielectric materials have been shown to be
(a) and to grain size (gs) as a function of temperature. Trends a dominant factor in the development and stability of those
between internal stress, grain size and the volume fraction of properties. Core-shiell grains N~ere formed in BaTiO3 with
core shell grains (vf) were developed usiatg a multivariable ZrO, doping, upon sintering in the range 1300 -1320'C?. A
regression analysis. From the analysis, an expression relating diffused boundary phase led to high interilal stresses.
the dependence of internal stress on grain size, the volume suppression of 'I a distribution of Curie points and a
fraction of core shell grains and on tcmperature was flattened permittivity peak. The internal stress was found to
developed. The resulting equation is given as: be an accurate basis for estimating the permittivity response to

a = KI 1/gs~n eXp~k2Vf, T'm temperature. The stability of these highly stressed samples
Where the con~stants (K, = 32.7; n = 1.07; k., = 1.83; and m was also found to be iniprowýd as the concentration of core-

=-.029) were obtained from plots of experimentally measured shell grains increased. Under controlled processing
internal stress as a function of the natural log of the inverse of parameters, therefore, signiificantly enhanced diclectric
grain size, for various volume fractions of core-shell grains, all properties can be achieved.'
as a function of temperature (T = C). i Ticon-HPB, IAMI Ceramics, inc.. Niagaira Falls, NY.

The relationship between permittivity, internal stress (0).99.7); Lot # 711), Product # S{o)lS

and temperature was also analyzed. This analysis was carried ii Zircar Products, Inc., Florida, NY.

out for temperatures less than T,. The Curie temperature, for Akoldeet
a 2.0 wt % modified samples where a flattened permittivity Thswokwa upotenyoNleD ARAemenatts014
response is found, was taken to be the point where the ThisKwork7wasd supporte by NSF udArA contract nme N0001-
permittivity response begin to decrease. The data used for DM8K-203. andinropartlysi NSF undrer coutat inumber CnSFr
this analysis was from experimental data at 25', 50'and 90'C for89258 Microanalysis was carriedaoutai the Cevriy fIlnter,
and from calculated internal stresses. The relationship is forhicroanalysisofte b aeiasa the U..Dprmniesty of Illiynois,

gie by th folwn eqaton contract number DE-AC-02-76ER-01 1198.
Where: K is 686.1: x is 0.22; and y is 0.12 are empirically References
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Abstru II - PREPARATION OF THE SAMPLES

Dielectric measurements have been performed on The powder has been prepared by the columbite
Pb(Mg 0 .317 Nb 0 .6 33Ti 0 .0 5 )O3 ceramics in the frequency method developed by Shrout (5). An excess of magnesium
and temperature ranges 106-109 Hz and 110 - 400 K oxide has been used in the MgNb 20 6 preparation to avoid
respectively. A dielectric relaxation of Cole-Cole type has pyrochlore phase. Titane is added in form of TiO 2 when
been found between 107 and 109 Hz depending on the columbite and PbO are mixed. Small pellets are made by
temperature. This relaxation exists not only in the conventional axial pressure. They are sintered at 950'C for
ferroelectric phase but also in the paraelectric one. A 4h. in a lead oxide atmosphere. The compactness of the
minimum of the relaxation frequency occurs at temperature sample is greater than 95 %.
close to the Curie temperature TC. The permittivity Er shows a maximum of about

I - INTRODUCTION 26500 at 292 K for a frequency of I kHz.

The lead magnesium niobate (PMN) is a well-
known example of relaxor ferroelectric : a strong

permittivity Er around Tmax (267 K), a diffuse phase Ill - EXPERIMEN

transition and a low frequency dispersion of Er (1). In Dielectric measurements are performed on disk

addition, a high frequency relaxation which appears in both samples (diameter 7 mm). Gold electrodes are previously
ferro and paraelectric phases has been recently shown (2). deposited on ceramics by sputtering. The permittivities er
On another way, the lead titanate PbTiO 3 presents a classic and e" are measured at high frequency from 106 to 109
ferroelectri. pha.e transition with a high value of TC (3). r
So, the interest of the Pb(Mgl/3Nb2 /3 )0 3 - PbTiO 3 solid Hz, using an HP 8753 A network analyser. The broad

solution consists in a very high dielectric constant and in band analysis of a coaxial line loaded with the disk sample

the possibility to shift the apparent Curie Point at and backed up by a short circuit enables us to calculate the

temperature close to room temperature (4). Such ceramics complex permittivity from the reflexion coefficient.

can be interesting for industrial applications i.e. dielectric
for Z5U standard capacitors. The addition of PbTiO3  IV - RESULTS

brings about an increase of both &r and Termax. and
r The temperature dependences of E and e atcauses a diminution of the diffuse character of therauesi . various frequencies are shown in Fig. I and 2. The curves

transition. As an example, a substitution rate of PbTiO 3

larger than 30 % leads to a classic "ferroelectric" transition are characteristic of a typical relaxor behaviour
- a broad temperature region of the permittivity

and the ordered (1:1) nanoregions which appear below TC peak as in the pure PMN.
in PMN, seem to have a less effect (4). - when the frequency increases:

In the present work we have selected the

composition corresponding to x = 0.05 in the the temperature of ermax. shifts towards higher

(I-x)Pb(Mgl/ 3 Nb 2 /3)0 3 - xPbTiO 3 system in relation temperatures,

with the temperature of crmax close to room temperature. the value of Er increases until a frequency close to 2.108

The purpose is here to study the influence of the Hz and then decreases.
substitution on the high frequency dielectric relaxation. Such evolutions correspond to one apparent relaxation
The dielectric properties have been studied in the phenomena. The dielectric response versus frequency is
frequency and temperature ranges 106 to 109 Hz and 150 represented at two temperatures, either in the paraelectric
to 450 K respectively, region (Fig.3 and 4) or in the ferroelectric one (Fig.5). In
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Fig. 1 - Thermal dependence of 8'r at different
frequencies : 106 (1), 107 (2), 5.107 (3), 108 (4) Fig.4 - Cole-Cole plots a"1 VS. 'r at 340 K.
and 2xl08 Hz (5).
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10-032 K
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1. *...:. r

lo f 0 " 0'
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0 |*'* -.
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Fi. -Feqecydpednc f 1 ada" . at20 0

Fig.2 - Thermal dependence of a"1.  at different experimental points ; - theoretical curve).
frequencies :106 (1), i107 (2), 5.13 (3), 1038 (4)

andeach case a decrease of H and a maximum of z1. are

S.... - _ _observed. However it appears clearly some differences:
I0 0-3:(C

16 •*T > T'
,: ,40El.max.

A high frequency relaxation appears clearly. The
12 inflexion point of c corresponds to the maximum of er

a;
close to 108 Hz. Argand diagram z versus 1. is drawn in

order to characterize the relaxation or the frequency range
6106 - 109 Hz. The obtained curve is very close to a

circular arc in agreement with a Cole-Cole model. The

complex permittivity er is expressed by the formula:
2r a =+( -ia =I-+a(if/fr)

0~

5 6 7 9 tO Is

logf (I") fas is the static permittivity at low frequency (f< <ffr),

Fig.3 - Frequency dependence of E'r and a"r at 340 K (o, ae the value at f> >ffr and fr the relaxation frequency.

experimental points; - theoretical curve). The figure 4 shows the good agreement between
experimental points and theoretical curve.
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*T < T m ., "
8 rmax.

The high frequency relaxation is still present but the

continuous decrease of er and the broader maximum of cr

suggest the existence of a low frequency relaxation in the
ferroelectric phase. This low frequency relaxation was
previously described in relaxor ferroelectric (1). For
higher temperatures ( T > T ' ), the value of E isCrmax. r
close to zero for f< 106 Hz implying no dispersion in the
low frequency range.

The three dimensional curves, cr and Er versus

temperature and frequency (Fig.6 and 7), give a good
representation of the dielectric response in all the
temperature range. The high frequency relaxation occurs .......

not only in the ferroelectric region but also in the
paraelectric one.

The temperature dependence of the relaxation
frequency fr is shown in Fig.8. The temperature of the Fig.7 - Temperature and frequency dependences of e
minimum of fr is close to TE max (at low frequency). A

strong decrease of a, the relaxation time distribution, is

observed on heating at TE'rmax. (Fig.9). The values of a.

! 11 I,I,•

- ~Fig.8 - r %'s. temnperature.

"F'g.6 -.....

Fig.6 - -'mperature and frequency dependences of E'r.

below T e reach about 0.55. Such a value

corresponds to a large relaxation time distribution and
confirms the increase of the absorption width when the 0

temperature decreases. On the contrary, a is small in the
paraelectric region. This is in agreement with a Cole-Cole
arc close to a Debye semi-circle obtained in this

temperature range (T > TE' max.) The fall of a near 100

rT a is thus characteristic of a dielectric behaviour
r max. Fig.9 - a vs. temperature.

change from the ferro to paraelectric region.
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IV- CONCUSION the temperature dependence of fr for these two systems. As
for z r versus temperature variation, the curve

This work allowed us to display a new high corresponding to the pure PMN is more flat. This result
frequency relaxation in a ceramic with composition can be related to the more diffuse phase transition for
corresponding to x = 0.05 in the (l-x)Pb(Mgl/ 3 Nb2 /3)0 3  PMN. Indeed, the addition of PbTiO3 seems to increase
- xPbTiO3 system. The origin of the relaxation has been the pure "ferroelectric" behaviour of the transition (4).
discussed in the case of lead magnesium niobate ceramics
in which a similar relaxation was found (2). Fig. 10 shows

k, ,q , [1] L.E. Cross, "Relaxor Ferroelectrics", Ferroelectrics,
vol. 76, pp. 241-267, 1982.

.- [2] C. Elissalde, J. Ravez and P. Gaucher, "High
frequency dielectric relaxation in lead magnesium
niobate ceramics" Mat. Sc. Engin.B, Vol.13, pp.
327-333, 1992.

(3] Ferroelectrics and related Substances,
Landolt-B6rnstein II1, Vol. 16, pp. 78-81, Springer,
Berlin, 1981.

[4] N. de Mathan, "Etudes structurales de cdramiques

"di~lectriques de magnoniobate de plomb
,- Pb(Mgl/ 3 Nb2/3 )0 3 en fonction de la temperature".

Th~se, Paris, 1991.

[5] T.R. Shrout and A. Halliyal, Am. Ceram. Soc.
Fig. 10- fr vs. temperature for pure PMN and 95 PMN- Bull., Vol. 66, pp. 704-711, 1987.

5PT system.
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Abstact

BaTiO 3 was doped with BaLiF 3 to form solid Selected oxyfluoride compositions x= 0.025 and x = 0.10
solution of Ba(Til_xLix)(03_3xF3x) composition. Special are sintered at 1300 and 1200°C respectively for 2h in
care has to be taken to prevent hydrolyse during firing. platinum sealed tubes under dry oxygen. Ceramics of
Curie temperature of solid solution is decreasing from 393 BaTiO 3 are obtained at 1450°C for 4h under oxygen
(BaTiO 3 ), to 300 and to 225 K for compositions x = 0, atmosphere.
x = 0.025 and x = 0.10 respectively. Temperature
dependences of dielectric constant under various 11-2- Measurements
frequencies are presented. The three successive phase
transitions of pure barium titanate are still preserved for Gold electrodes are deposited on both circular faces
lightly doped materials, while for heavily doped materials of the ceramics by cathodic sputtering. Frequency
only one phase transition can be observed in the same measurements between 102 to 3x10 5 Hz are performed
temperature range. Temperature dependences of from 150 to 450 K using a Wayne-Kerr component
spontaneous polarization and coercive field taking from analyzer 6425. Bias measurements of the capacitance are
ultra low frequency measurements of hysteresis loops of carried out with a Wayne-Kerr capacitance bridge B 605.
the materials are presented. Electric field is applied using P de generator. Hysteresis

loops are obtained at 3x 10-2 Hz and under bias of 800 V
I - INTRODUCTION from both a "Polarsine" and a Keithley electrometer using

The oxyfluoride ceramics derived from BaTiO 3  the Sawyer-Tower method (1). They allow us to determine
with composition Ba(TiI_xLix)(03.3xF3x) (0:5 x <- 0. 10) the spontaneous polarization Ps and the coercive field Ec
are attractive type II dielectrics for capacitor due to : on cooling in the temperature range 320-150 K.

- a lower sintering temperature (1250°C for 2h)
compared to that of BaTiO 3 (1450°C for 4h), Ill - RESULTS

- a decrease of the ferroelectric Curie temperature The temperature dependence of tr at 1kHz is
from 395 K (BaTiO 3) to 225 K (x = 0.10) leading to a shown in Fig. l, 2 and 3 for three ceramics with
high value of the real part of the permittivity, Er, close to composition corresponding to x = 0, x = 0.025 and

room temperature for the composition corresponding to x = 0.10. For the two first ceramics, the three phase
x = 0.025. transitions (rhomb. -- orth. -* tetr. - cub.) appear clearly.

If the dielectric and ferroelectric behaviours of Only one relatively broad peak corresponding to the
BaTiO3 have been widely studied, it can be interesting to rhomb. -cub. transition subsists for x = 0.10. The decrease
study that of the oxyfluoride ceramics of the BaTiO 3 - of the Curie temperature TC when the substitution rate
BaLiF 3 system. The aim is to understand the influence of increases (Fig. 1 to 3), is related to the covalency decrease
the fluorine-oxygen substitution on the ferroelectric of the M-X bonds (M = Ti, Li; X = 0, F) when x
properties. increases.

The room temperature variations of cr versus the
II - EXPERIMENTAL electric field E are given, for several frequencies, in Fig.4,

-- PreParatn for ceramics with x = 0.025 and 0. 10. The dielectric

BaLiF 3 is prepared from the fluorides BaF2 and response under bias varies according to the x values :
LiF which are mixed and ground in a dry box. The - concerning x = 0.025 for which TC - 300 K,
obtained powder is calcinated at 650 0C for l5h in a gold there is a relatively strong decrease of Er with increasing
tube sealed under dry nitrogen to avoid hydrolysis. Final E, as in BaTiO 3 (2). In addition there is a frequency
compositions are prepared from BaTiO 3 and BaLiF 3 . dispersion,
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Fig. I- Temperature dependence of e r for a ceramic with Fig.4 - Field dependence of the dielectric constant of

composition corresponding to x = 0 at I kHz. ceramics with compositions corresponding to x =

0.025 and x = 0.10 at room temperature and at

various frequencies : 102 (1), 103 (2) and

10-3. 
10_4 Hz (3).

0\51 - for a higher x value (x = 0.10), E is less
r

dependent on the bias with, nevertheless, still a frequency
-0 dispersion.

\ The value of Ps decreases with temperature (Fig.5).
S \ For x = 0.025, there are two change slopes close to TC

Sand to the orth.-tetr. transition due probably to the loss of
ferroelectricity and to the reorientation of the dipoles.
Concerning the ceramic with x = 0.10 composition, the

2 curve is very fiat with lower values of Ps in relation with
the more diffuse phase transition and with the lower values

of Er compared to that of x = 0.025 composition or
T I r

,oo ,0 200 250 300 350 ,o0 450 Uoo BaTiO 3. Moreover, Ps is not equal to zero at TC and even
-T ar th at T > > TC , for the two oxyfluoride ceramics. This

Fig.2 - Temperature dependence of for a ceramic with difference with regard to barium titanate may be correlated

composition corresponding to x = 0.025 at with the existence of polarization residue due to defects
1 kHz. and chemical inhomogeneities in the substituted ceramics.

Fig.6 shows the temperature dependence of the
ccercive field. For the ceramic with composition
corresponding to x = 0.025, Ec decreases firstly on

0..... heating. It then increases suddently approaching

r .IOJTorth.tetr., which expresses a more difficult mobility of
3-o0 ... domains, and finally decreases at TC. This curve with a

maximum close to the orth.-tetr. transition looks like the
3000 temperature dependence of the loss tangent in BaTiO 3 (2).

On heating, for x = 0. 10, Ec decreases strongly and
2o0 -becomes constant close to zero at TC. The hysteresis loop

2000 evolution is shown in the figures 7 and 8 for compositions
corresponding to x = 0.025 and x = 0.10 respectively.

,500 For x = 0.025 slim loops are observed above TC. Close to
square loops with relatively higher rectangularity appear,

,000 -as in BaTiO 3 , when the sample cools down through the
ferroelectric-paraelectric transition. Approaching the tetr.-

500 r, , , orth. transition temperature the loop seems to blow up
t00 150 20. 250 300 350 .0 .50 50oo leading to an increase of Ec as was described before.

! fl Concerning x = 0. 10, even down to 220K, hysteresis
Fig.3 - Temperature dependence of er for a ceramic with loops are very slim and the determination of both Ec and

composition corresponding to x = 0.10 at 1 kHz. P5 is rather critical. Below TC , it broadens out but no
rectangularity appears.
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Fig.6 - Coercive field versus temperature for x = 0.025
and x = 0.10. Fig.8 -Hysteresis loops at various temperatures for

x = 0.10.

The ferroelectric Curie temperature is correlated

IV - CONCLUSION with various parameters and in particular with chemical
The dielectric and ferroelectric behaviours of the bonding. An increase of the substitution rate x in the

selected oxyfluoride ceramics vary according to the BaTiO3 -BaLiF 3 system leads to a decrease of the M-X
composition. For x = 0.025, the dielectric response shows bonds covalency (M = Ti, Li ; X = 0, F). This
three phase transitions as in BaTiO-j but the value of TC is influences largely the ferroelectric and dielectric
lower. Several analogies with the barium titanate have properties.
been pointed out in particular a similar temperature
evolution of the hysteresis loop on cooling (2). On the REFERENCES
contrary , for x = 0.10, there is only one phase transition
(rhomb.-cub.) which is more diffuse than the ferroelectric [1] C.B. SAWYER and C.H. TOWER, Phys. Rev., 35,
-paraelectric transition of other ceramics, This change 269, 1930.
leads, of course, to a different ferroelectric behaviour. No [2] A. Von HIPPEL, " Ferroelectricity, Domain
anomaly of Ps and Ec occurs as at the orth.-tetr. transition Structure and Phase Transitions of Barium Titanate",
for x = 0.025 and the decrease of Ps and Ec approaching Rev. of Modem Physics, Vol. 22, N*3, pp. 221-
TC is here much more spread. 237, 1950.
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DIELECTRIC RELAXATION IN CERAMICS WITH COMPOSITION
(BsaIyPby)TiO 3

S. KAZAOUI, J. RAVEZ and C. ELISSALDE

Laboratoire de Chimie du Solide du CNRS, Universitd Bordeaux I,

351 cours de la Liblration, 33405 TALENCE cedex, France.

A systematic study of the dielectric relaxation temperatures obtained are in good agreement with previous

phenomena is carried out for ceramics with compositions works (1). However no dielectric dispersion appears in the

(Bal-yPby)TiO3 (y E (0, 0.2]derived from BaTiO 3 in the frequency range 20 to 106 Hz.

frequency and temperature ranges 106 -109 Hz and 300-500 The permittivities e' and &" are then measured at
K, respectively. A dielectric relaxation appears not only in high frequencies from 106 to 109 Hz using a network
the ferroelectric phase but also in the paraelectric-one. For analyser HP 8753 A, and at various temperature in the
each composition a minimum of the relaxation frequency fr range 300-500 K. The figure 1 shows the room
occurs at TC. The dipolar-type relaxation is correlated to temperature frequency dependences of z' and c" : typical
coherent displacements of the Ti4 + ions in the octahedron relaxation curves appear for each ceramic. Such results are
sites ordered either along chains or in 3D-lattice. in agreement with previous works : high frequency

dielectric dispersions have been already reported in solid
solutions derived from BaTiO 3 and with composi-
tions Ba(Til.IxBx)O3 (B=Zr,Hf) or (Bal-,Ay)TiO3
(A=Ca,Sr) (2,3,4). The shape of the diagrams e - e' was

I - INTRODUCTION found to be close to circular arcs : there is a good
agreement between experimental points and theoretical

The present work concerns the dielectric curve. The complex permittivity e* is thus expressed by
dispersion study in perovskite-type ferroelectric ceramics
in the frequency and temperature ranges 106-109 Hz and Z =Z., + (Z - /)I(I+ (if/ fr)--') (5)
300-500 K, respectively. The ceramics have the
composition (Bal.yPby)TiO3 (0:y<0.2). The (f is the frequency, 1r the relaxation frequency, es the
permittivity frequency dependence is performed, in
particular, close to the Curie temperature TC both in the permittivity at f < < fr,,,, the'permittivity at f > > fr,
ferroelectric and paraelectric phases. The aim of the a the parameter related to the relaxation time distribution).
present paper is to try to fill the gap in our knowledge of The analysis of the experimental data concerning the
frequency and temperature dependences of E' and e" in relaxation frequency fr shows that the Pb-Ba substitution
solid solution derived from BaTiO 3 . increases strongl the value of fr from 5.10 8 Hz to values

higher than 10Hz. For y > 0.1 it is impossible to
determine the fr value at rtom temperature due to our

II - PREPARATION experimental limitation at 10'Hz.

(Bal-yPby)TiO3 perovskite-type ceramics for The figure 2 illustrates the variation of fr versus
y=0, y=0.05, y=0.10 and y= 0.20 are sintered under a temperature for y = 0 and y = 0.05. It is interesting to
partial PbO pressure at 1300°C for 2 hours. A survey of remark that the dielectric dispersion occurs not only in the
the microstructure of the ceramics corresponding to y=0, ferroelectric region but also in the paraelectric-one at least
y=0.10 and y=0.20 shows that the average grain size is up to TC + 70°C; such a result has been previously
20 um with a narrow size distribution. The compactness of announced for BaTiO 3 single crystals and ceramics (6) :
all samples is always higher than 0.92. Gold electrodes are for each composition a minimum of fr appears close to the
previously deposited on both disk faces of the ceramic by transition temperature TC. As the substitution rate y
sputtering. increases the values of TC, the temperature corresponding

to the minimum of fr is shifted toward higher
temperatures.

III - EPERIMENIAL, The temperature dependence of the dispersion step
Dielectric measurements are firstly performed at I I a

low frequency, f= 103Hz, on disk samples in the range

150-550 K. The thermal dependence of the permittivity a' on the figure 3 for the composition Ba0 .9 5 Pb0 .0 5TiO 3.
shows a peak both at TC and at the orthorhombic- The value of Ae' is calculated from the values of
tetragonal transition temperature. The phase transition es and e.o determined using the Argand diagram by
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This paper describles a low - firing (the firing tempera-

ture is lower than 900 C ) multilayer ceramic capacitor, Composition of the powder:

which meets the IEC temperature characteristic code 2E.I. 0. 94Pb(Mg ,Nb 2 )O, 0. 04PbTIO, U. F)Pb(ZnZ Nb,

The composition of the materials is based on the system Pb 0,-0. lwt XMnO1--0.6mol'/Mg()

(Mg! Nb, )(, Pb(Zn, ,Nb, 0)0, PbTio(. Physical properties of the powder

A two step calcination process was developed to re- Average partical diameter: = 0. 3pm

strain the formation of the pyrechlore phase during the syn- Surface area: 3. 3 m2 !g

thesis of PMN ceramic powder. The dielectric properties of Sintering temperature: 880- 900 C

the MI.C material were: E=14500. tg8-O. 4X" 10,p=6.5 Electric properties of the powder

X10"Ofl. cm. t,;0C,AC/C( -25-85C)<) 50%. EtDV= l)ielectric constant: 13500•- 15000

6kv/mm. Dielectric loss: < 1. 0%

The binder CK 90 and the electrode materials YS - 4. Volume resistivity: > 10Ifl. cm

YC -4 were researched also. As a result, a compatible sys- Capacitance variation with temp:. - 50

tern of three relative materials. i.e. . PMN ceramic powder, (adding bias 500V mm: < -_ 30%

CK 90 binder and YS -- 4. YC 4 electrode materials, as Aging (Ya!Decade): 5/

well as a relative technological process were obtained. The Breakdown voltage: >5kV 'mm

product MI.C have met the IEC standard and reached the The key to make PMN ceramic powder is to restrain

five level reliability, the formation of the pyrochlore phase and to enhance the de-

velopment of the perovskite main phase. So a two step
Introduction zynthesis technique at high temperature was used. Fist.

MgNb 2 () and ZnNbO) were synthesized by MgO. Zn()

Along with the development of the large scale integra- with NbO, and then individually mixed with Pb() to syn-

tion circuits and the surface mounting technologies the re- thesize Pb(Mgi,,Nbz 0)03 and Pb(Zn 3Nb, (),.

qirements of multilayer ceramic capacitors (MLC) are in- Figure 1 shows the XRD pattern of the PMN powders

creasing day by day. There are three categories of MI.C. by one step synthesis and two steps synthesis. It is shown

high- firing MILC (>1140C). middle--firing MIC (1000 that the pyrochlore content is about 20X in the powder by

-1140C) and low - firing MIC (<1000 C). which are di- one step synthesis. but less than 2Y by two steps.

vided by medium ceramic materials and the sintering tem-

peratures suitable to the electrode materials.

This paper present a material system for MI.C with 2E4 by one up synthes

characteristics. The ceramic powder is PMN relaxor ferro- . _

electric material with low - firing, the casting--film binder

is a kind of ethylene resin and the electrode material is com- by two y nthesis

plete silver. The three materials are compatible with each A k , - A I

other quite well, and the main manufacturing process is 20 40 60

suitable for these materials. Finally, the product MLC have Figure 1. The XRD pattern of the PMN powders

met the IEC standard and reached the five -level reliability. The pure perovskite phase were obtained whether the
sintering temperature was 840 Cor 860 C when using the

Ceramic Powder PMN process of :t-:vv -cps synthesis. (Figure 2)
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the ethylene category. The optimium proport ion of thet cast-

ing film slurry i; as follows:- K 90 : PNIN powder-0 0. 75 1(wt.I

860, Physical and chemical properties of the binder CK 90

:\ppearaticv transparent liquid with the color of light

yellow.

Intrinsic content : -14

8401 beginning decompose teomptrat ore t~ _1(

Last decompose teflilerait re : 6w,1

9 9A.4 Average moltclrwih fth eii0 o

Distributed coefficient of the resin ritolcoular weight:

2. 939

1'igort H.ihe XRI ) pait crn of the l'%IN' powders The film made byI'NI PN powdur and CK 90I)HCtid IS

sintered at 84) 0(andn 8(jo fint and close and well disýtributed in texture, Ahic:h

Ftgoirc shoiwt-s the I)I. liiai character of PIN ceramic proves that the PNIN powder is conlpit kle well wAithl tIet UK

90 binder (Figure I)

5kV/ LM

I 600

-t i to 217,2 41) 1)O SO 1,O

Temerature(C

F'igure i. The M )' bias liaracter if PNIN ceramic

'I h diel-cltric b~reakdown voltage and the mechanical

stretith ~f the P'MN ceraimic will lie 15-5o 70 higher by air

quenching anid anrne;diog iltiiler proper temperature than that Figure 1. SE N' image of PNI \ ftlm

byv furnacev cooling. This rcesolt is shown in table 1. T"hese

values i:o-toi( iil toi that if BaLio).

lTihle 1. The hea-t trtatnilent conditions for improving Electrode Mlaterials S 4Attd N'( 'I

the dielectricL breakdown and machaniutl Strength of the

PMNIN cera toic
The complete silver internal elect roile material YS 4

______________________________________________and the extreme One YC I were researched in order to

F..)kv nmm ) ckg cnm-) Heat treatment condition make the electrodes materials comipatible with casting mate-

1. 68 G90) Furnace Cooling iladpoes
_____________________________________________________A fine silver powder which had the flat and sphere

S. )i 8 ~) Air Quenching shape in proper proportion Was Liseil to iibtalin the fine and

close conducting lay' er,. and ant acid resisting material was
0. 1 107 Ar qetihin- Aneaing selected as a flux to compound the electroplate resisting

extreme electrode material YC 1.

Casting film Binder CK 90 The thermal analysis pattern tif the electrode materials

carrier was basically matchable w:,!, -hat of CK -90 hinder.

It meant that the electrode material and the CK -90 binder
The bindetr ('K 90 is aI piilv composition complex of was Compatible.

469



I n p r ())(rtIi, f v I tr dI Ie Iýt ii r ;la I
Y SII Y( I I

Silver conttent , -, - 65

" tjo trit " rvsist. )ii: I JVI' -11111
IrtII I hickg e s,

I)rv p,-d (after 3 nim. 8: - 8 5

Stick strctngth (N nun,

Firing and prrt nlatIng
tefptlriture (9 f O_ o C K.90("

T he c yr ituik f ilmu d1i to t pl Iit and be permeated. T here

were clear printing lil"es arid huear boundaries between the

electrodes mid tle ceranlic. That ntant the PMN powder

an,-1 tile bitid'r ('K 90 and the YS .I were well compati-

bie. (Figure _). (i. 7 )

"Iht-i tvi 2 shows that tile square resistance of the YC Figure 7. %ILC extreme n rtcttimid p.rit r 1>-,Xr;

I extremne electrode silver layer do not change before and

after be ing cht-nmicailiy corrodtld. Table 2. The change of tIh Y"C I ";jiuare rtilceT.

before and after being chemicaln y corr1t1 d

Square Resist. Square resist. ithaigt- )f

Before Corrosion After corrosioni Sqire rei.t
(rnn/DL) (nifl77

4. 70 1. 70u

7.350 7. 50

9.00 9. O0

9. 50 9. 30

Technological Process of low firing %il("

Figure 5. The casting film is compatible

with YS 4 (15X)

Qualified

Film
Printing and Hot ('otting into

"Foiding Film pressing blocks

Electrode--

Material

Rolling and printing Extrenme sintetring

L Rubbing Electrode Material

Measuring of Electric Properties
Figure 6. 1`I.(C sectional pattern (IOOX)
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The parameters of the MLC technological process was deter- Ninety two of the MLC were sampled for reliability test on

mined by the properties of the MLC relative material system. The the condition of 63V and 85 C for 1000h. and no one %es failure

process must be compatible with these relative materials, during periodic test.

The MLC was qualified according to IEC standard and the relia-

Electric Properties And Reliability bility had reached the five level.

Table 3. The electric properties of the low - firing MLC Conclusion

Rated Medium Film Medium size Capacit.

Voltage Thickness Layers I. The PMN ceramic powder meets IEC temperature characteristic

code 2E4.

63V <50pim 8 0805 5tiF±80o %

2. The three relative material system. PMN powder and CK -90

binder and complete silver electrode materials YS -1. YC -I are

Insulation Resist. Breakdown Voltage tgb well compatible.

> 1 HOW >Ž200V <-I. I x 10-2 3. The low - firing, high properties MLC is qualified according to

IEC standard and the reliability has reached the five-- level.
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ONE-STEP, LOW-TEMPERATURE SINTERING OF SrTiO3 BASED
GRAIN BOUNDARY BARRIER LAYER CAPACITOR MATERIALS

Yin Zhiwen, Xu Baomin
Shanghai Institute of Ceramics, Chinese Academy of
Sciences, Shanghai 200050, China

Wang Hong
Shanghai University of Science and -I echnology, Jiading,
Shanghai 201800, China

ABSTRACT experiments were listed in Table 1. It can be seen from the Table
that there are two groups of the samples with different amount of

A new technology was developed to fabricate the SrTiO 3-based dopants, namely, one group of samples with definite amount of

GBBL capacitor materials. The main feature of the technology is Nb2O5 (0.1 mol% and 0.5 mol respectively) and variable amount of

one-step, low-temperature (1100 -- 1200'C) sintering of the Li20, whereas the other group of samples with definite amount of

material in a reducing atmosphere with doping of a sintering aid Li20 (1.0 mol% and 5.0 mol% respectively) and variable amount

composed of Li 20 and SiO. The main dielectric properties of the of Nb2O,. The amount of SiO 2 doping for all samples was kept the

materials obtained by this technology are: effective dielectric same. The dependence of dielectric properties on the variation of

constant E,fV > 5 X I10, dielectric loss tan5<5.0%, volume Li20 or Nb205 content are shown in Fig. I and Fig. 2 respectively,

resistivity p > 100-.cm, temperature coefficient of af,< 10% (-25 -- 2. Effect of sintering temperature' 3'
+ 85 'C). The effects of doping composition, sintering temperature,
atmosphere and Ti/Sr ratio on the sinterability and dielectric
property of the capacitor materials were discussed. The mechanism Select low NTb2Ol content (Sample 3) and high NsiO content (Sample
of the sintering aid in the formation of semiconducting grains and 7) from Table 1 to carry out this experiment. The sintering temperature
insulating grain boundaries were discussed from the results of used are from 1100 to 1200°C. Fig. 3 shows the dependence of
compositional micro-analyses and microstructural analyses. dielectric property on sintering temperatures. Fig. 4(a) and (b) are themicrostrucutures of Sample 3 sintered at 1100 and 1200°C

INTRODUCTION respectively.

In recent years, people paid more and more attention to the SrTiO3- 3. Effect of atmosphere"'

based ceramic grain boundary barrier layer (GBBL) capacitors due
to their high dielectric constant, good temperature stability and high
dispersive frequency. However, the sintering temperature of atmosphere, namely air, N2, and N2 + H2 were used and the sintering

SrTiO3-based ceramic GBBL capacitors were as high as above temperature was kept at 1150°C for 3 hours. The properties of Sample

1400'C, which gave big trouble for their mass production. 7 sintered in different atmosphere are listed in Table 2. Fig. 5 shows

Although there were some publications on the low-temperature different microstructurers of the sample sintered in various atmosphere.

sintering of SrTiO 3 GBBL capacitors"'12 , it was not satisfied with 4. Effect of Ti/Sr ratio'5'
their microstructure and dielectric property. In this paper, a new
technology was developed to fabricate the SrTiO3-based GBBL
capacitor materials with effective dielectric constant , > 5 x 104. Two groups of samples with different amount of Nb 2O5 doping, 0.1
The main feature of the technology is one-step, low-temperature mol% w Nb ed conten t e of (igh rbto onten)
(1100 -- 1200'C) sintering of the material in reducing atmosphere respectively, was used to study the effect of Ti/Sr ratio on their
with doping of a sintering aid composed of Li2O and SiO2. properties. Definite amount of sintering aid was added to each

sample. Fig. 6 and Fig. 7 show respectively the dielectric property

EXPERIMENTS AND RESULTS dependence on Ti/Sr variation of the high and low Nb2O5 content
samples sintered at 1100 and 1175°C for 3 hours.

Experiments were carried out on the effects of doping composition,
sintering temperature, atmosphere, and Ti/Sr ratio on the 5. Electron diffraction studies of GBBL samples'6'
sinterability and dielectric property of the SrTiO,-based GBBL
capacitor materials. Compositional micro-analyses and micro- In order to locate the different doping ions, selective area electron

structural analyses were also carried out for discussing the diffraction of the grain and triple grain junctions of the Nb2O5 and
mechanism of the sintering aid in the process. sintering aid doped SrTiO 3 ceramics was studied. The samples were

sintered at 1150'C for 3 hours in N2 + H2 atmosphere and finally
1. Effect of doping composition'31  either naturally cooled in N2 (named as GI) or quenched in air

(named as G2). Fig. 8 and Fig. 9 show respectively the electron

Using SrTiO3 + xmol% Nb2O5 as base composition, the batch diffraction patterns of Sample GI and G2.

material was synthesized at 1150°C. Then the sintering aid
composed of Li20 and Si0 2 was added to the synthesized material, DISCUSSION
then grounded and pressed to form small disks and finally sinteredin N + 2 amosher. Te cmpostio ofthesamlesforthe The effective dielectric constant en can be simply expressed as
in NC+H3 atmosphere. The composition of the samples for the

CH3080-0-7803-(}--65-9/9253.00 ©DIEEE 472
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t,f= (dI/d),, where d. is the average dimension of grains, d, and E, Table 2 and Fig. 5 show along with the decrease of the oxygen
are respectively the thickness and dielectric constant of the partial pressure of the atmosphere during sintering, the grain growth
insulating layer171. Therefore, lager the grain size and thinner the process proceeds well and the dielectric constant of the material
insulating layer are the key factors to obtain a GBBL capacitor increases. For Sample 7 sintered in N, + H2, a strong reducing
ceramic with high effective dielectric constant. atmosphere with oxygen partial pressure smaller than 100' atm, the

grain growth proceeded very fast during sintering and a
1. Effect of sintering aid Li,O and SiO, microstructure with large grains and dense grain boundanes was

obtained, its effective dielectric constant is several orders of
,n sintering aid, SiO, is a typical glass former and LiO is a magnitude higher than those materials sintered in atmosphere with
modifier, they are easily to form glass phase during sintering. The higher oxygen partial pressure. According to the mechanism of
experimental results of electron diffraction studies (see Fig. 8 and semiconductorization of grains by oxygen volatilization""', donor
9) also support the conclusion that the Li,O and SiO 2 ingredients in doping (e.g. Nb20,) will weaken the Ti-O bond to promote the
the batch mainly form glass phase at the grain boundaries during volatilization of oxygen. Strong reducing atmosphere will lower the
sintering and LiSiO(7 crystallite will he crystallized from the glass oxygen partial pressure of the surrounding and improve the property
phase during slowly cooling. Most of the Li* ions will not enter the of the glass phase, both of them are of great advantage to the
SrTiO, lattice as acceptors, they mainly precipitate at the grain oxygen volatilization process. As a result, grain growth and
boundaries to form the insulating layer. Furthermore, the amount semiconductorization of grains proceed well, a ceramic with desired
of I ':O content in the batch plays an important role on the microstructure and good dielectric properties is obtained.
formation temperature, quantity and viscosity of the glass phase.
Table 1, Fig. I and 2 show that only appropriate amount of LiO 5. Effect of Ti/Sr ratio
content can form a glass phase with good characteristics to satisfy
the demand of grain growth so as to obtain a ceramic material with Curves in Fig. 6 and Fig. 7 show that variation of Ti/Sr ratio in a
high effective dielectric constant. certain range (1.02 to 0.98) will not give great effect on the
Besides, the amount of LiJO content will affect the degree of temperature range of sintering and grain semiconductorization .
semiconductorization of the grains. Compare Sample 1, 5 and However, the amount of donor doping and sintering condition is
Sample - 6 in Table I and Fig. 1, it is clear that with definite relevant to the effect of Ti/Sr ratio. In case of good sintering
amount of NbO, content, when the amount of Li,O content condition, e.cessive SrO (Ti/Sr < 1.00) is profitable to grain
increases from I.Omol% to 2.5mol%, the ,,, of the ceramic will growth so as to increase the effective dielectric constant.
increase I to 2 orders of magnitude. This phenomenon can also be Nevertheless, the presence of SrO or TiO, at grain boundaries is
explained by the formation of glass phase at grain boundaries to detrimentat to the insulating property of the grain boundary layer
promote grain growth and the volatilization of oxygen so as to resulting in the increase of the dielectric loss of the material.
promote the semiconductorization of the grains.

CONCLUSION
2. Effect of donor dopant NbO,

1. A new technology was devd oped to fabricate the SrTiO,-based
It was well known that Nbs ions easily enter the SrTiO3 lattice to GBBL capacitor materials. The main feature of the technology is
replace Ti4 ' ions as donor, which will promote the volatilization of one-step, low-temperature (1100 -- 1200°C)sintering of the material
oxygen to conduct the semiconductorization of grains and grain in a reducing atmosphere with doping of a sintering aid composed
growth"'". For low Li 20 content samples (No.9 to 12 in Table 1), of Li2O and SiO,. The main dielectric properties of the material
since the characteristics of the glass phase is not good enough to fabricated by this technology are: effective dielectric _onstant
conduct the volatilization of oxygen, higher Nb2O, content is c,>5XI04, dielectric loss tan6<5.0%, volume resistivity p,>
required to promote the semiconductorization of the grains. 10"0-cm, temperature coefficient of (,< 10% (-25 -- +85C).
However, for high Li,O content samples (No. 13 to 16 in Table 1), 2. The formation mechanism of the material during sintering is
the characteristics of the glass phase system seems good enough to schematically shown in Fig. 10.
promote grain growth and the volatilization of oxygen, so the 3. Only if the Li:O doping reaches certain amount, can the
semniconductorization of grains will proceed well even though the characteristics of tile glass phase satisfy the demand of grain
Nb2O, content is low. From our experimental results, it showed that growth; in the mean time, the glass phase will promote
the solubility limit of NbWO, in SrTiO, lattice is smaller than semiconductorization of grains. Besides, a strong reducing
0.5mol%, and the appropriate doping amount of Nb2O, is about atmosphere is necessary to proceed the volatilization of oxygen.
0.3mol%. Over doping of NbO, in SrTiO, will result in Small fluctuation of sintering temperature or Ti/Sr ratio will not
precipitation of Nb 2O, at grain boundaries, which will give rise to give large effect on the sinterability, microstructure and dielectric
lower the insulating property of the grain boundary so as to property of the material.
decrease the resistivity of the material and increase the dielectric 4. It is possible to use this technology to develop the monolithic
loss (see Fig. 2). GBBL capacitors with base metal (e.g. Ni) as inner electrodes.
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i., Sample 3
--- tans, Sample 3

tý, Sample 7

Table 1. Compositions of Samples -.--- tan, Sample 7

Sample No. 1 2 3 4 5 6 7 8 A lt.

Li.O (me] %) 1.0 2.5 5.0 7.5 1.0 2.5 5.0 7.5 ll

N'bOs(mol%) 0.1 0.5

Fe3ture low NbO 1 content high N'bO 5 content

Sample No. 9 10 11 12 13 14 15 16

Nb,05 (rnol%) 0.1 0.3 0.5 0.7 0.1 0.3 0.5 0.7

Li1O (mol%) 1.0 5.0 (a) 1100*C (b) 1200-C

Feature low Li1O content high Li20 content Fig. 4. Microstructures of Sample 3 sintered at various temperatures

12 1o Table 2. Properties of Sample 7 sintered in v'aious

to' atmosphere

, Atmosphere air N, N2 + H,

x-, Po' (atm) 0.21 S.AO xl0' <l0ol

2 -,i 2.11x101 2.41xl10 4.47x 10
4

0 2 tans (,7) 2.78 3.15 3.61

0 2 4 6 8

Li20 content (mol%) p(flcm) 3X10' 2x10' 3x10'

Fig. 1. Dependence of dielectric properties on Li20
content ?1oWb2 Jcntn

e4,ln, low Nb,O, content p
- a--- an, low NbO, content-.,, low N2 content6

""06" high NbO, content
.�..~....tans, high NbO, content ,
--- ,- ,P, high NbO, content

7 10tO A

C>1 -6xL'••- (a) air (b) N,

0.0 0.2 0.4 0.8 0.i

N'bO1 content (mol%) Fig. 5. Microstructures of Sample 7

Fig. 2. Dependence of dielectric properties on NbO, s i
content sintered in various atmosphere

-... , low Li1O content
----.-- lans, low LiO content 4
----- P, low LiUO content
---. .(-.m-- , high LiU O content
--...-- tans, high Li5O content 0

- ..-- p, high LiO content ( c) N , H ý
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6 o the triple grain junction, which proved to be Li4Si0O,

5- Fig. S. TEM analyses of Sample 01 (the Cu peak in the X-ray energy
dispersive spectrum is caused by the copper net supporting the sample)

-3 4

09 0.159 50 ~ . 2 ( a) Triple grain junction

Ti'Sr ratio

Fig. 6. D~ependence of dielectric properties of the
sampfles dopedl %sith 0-5mol%7 Nb.2O, on Ti/Sr ratio

f,!,. sintered all I 0O'C
tan5, sintered at I l00*C
p, sintered at 1100*CC

, ., sintered at I 175*C
.. tatti, sintered at 1175'C
-- p.sintered at 1175'C

5- 10 to1

s* \

6 (b) Electron diffraction pattern and X-ray energy dtspersive spectrutm of

6 grain, which proved to be SrMiO crystal

0.97 099 0.99 1l0t 1.01 1.02 1.03

Ti.'Sr ratio

Fig. 7. Dependence of dielectric properties of the
samples doped sith 0.l1mot q Nb,.O, on Ti/Sr ratio

ii,... ~ sintered at I 100'C
U1115 att, sinteec -it I l00'C

-o-- p. sintered at ll00*C
____Idl. sintered at 1 175'C
.--.- nn, sintered at I 175*C S r a
-.- a sistered at 1175*C - Ia

(c) Electron citferaction pattern and X-ray energy dispersive spectrum of
the triple grain junction, which proved to bc glassy phase

Fig. 9. TEMI analyset of Sample 02 (the Cu peak in the X-ray energy

dispersive spectrum is caused by thie copper ret supporting tltc sample)

- 5,'.(,a) Triple grain junction

LiO+ SiO, Incorporation of Nb5'
ionst into laittice

301)_m F ct1v Volatilization of
piudhase losygen

I" I
Contiýnual incorporatio
of Nb" ions into latticel

SLi* ion deposited

R 7 at grain boundaries Large, semiconducting
as acceptors grains formed

(b) Electron diffraction pattern and X-ray energy dispersive spectrum of
grain, which proved to be SM~OI crystal _________________

Desiced GI3ILC microstructure formed

Fig. 10. Schematic diagram to show the mechanism of the SrTiO, G13I3L
capacitors single-ficed at low-temperature

(c) Electron diffraction pattern and X-ray energy dispersive apectrum of
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INFLUINCE OF SIYUERING Ct)NDITION ON MICI{)SFRU(''UdL DIN)-,'IIUI.',NF
OF LBaTiO I BASED Pf`C'R MAThHRIA1,

Z. Z. Huang, If. M. Wu and Z. W. 'in
"The Shanghai Institute of Ceramics, The Chinese Acadeny of Sciences

Shanghai 200050, China

The influence of sintering condition on the Preparation and Performance of the Samples
microstructure development of (Ba-Sr)TiO3 systii was
studied. The experimental results showed that the In this experiment, l1PCR materials were-
samples were densified at a rather low temperature prepared by using the mixed oxide m'tho-d. (LBa-Sr)TiO3
without substantial grain growth. As temTperature and (Ba-,br)Tio3 solid solutions were selected to

increased, both discontinueous and continueous grain obtain the samples with different Curi-: Point, La.,O3
growth could take place depending mainly on the tenpera- and Nb2 0 5 as donor were added in the comnx)sitions,

ture range and heating rate of sintering schedule, i.e. Al2 0,9SIO2 , CaCO3 and Mn ion as additives were doped
nucleation and grain growth processes. A good PICR to i4rove the sintering behavior, mucrostructure
characteristic was observed with the sample having developrment and the electrical performnanCe of the
grair size of 5-10um. Coared to the normal process, materials. The powder )of mixed oxides with donor doped
sintering in nitrigen and cooling in air for (Ba-Pb)TiO3  were calcined at 1150 C for 4 hr. for BaliO caposi-
systen would produce a finer grain microstructure, tion and (Ba-Sr)TiO3 solid solution, and 950•C for 2 hr.
which resulted in decreasing resistivity and improving for PUfiO composition, respectively. The sintering
PPM characteristic. Microanalyses (SIMIS and E3PMA) process was as follows: the green b8dies were first
indicated that the additive ions would mainly deposite heated to a l8 wer tcmperature (1200 C or higher) at
at grain boundary and intergranular region, a rate of 500 C/h 8 ., then fast heating to sintering

temperature (1300 C or higher), soaking for a period of
Introduction time (e.g. 0.5 hr.), and finally cooling to room ttm-

perature at a rate of 300-500 C/hr. depending on the
PI'CR effect refers to the positive teperature desired performance of the sample. The experiment of

coefficient of resistivity exhibited by certain n-type sintering in nitrigen atmosphere and cooling in air
semiconducting barium titanate plyo-crystalline material, was conducted for the (Ba-Pb)Ti0 solid solution with
which is properly donor-doped in its ccmlposition, the same temperature schedule anA heating rate
sintered or annealed in oxidation atmosphere and yields described above.
a certain e•j.nt of grain growth in its microstructure
development-. The sintered samples were ground and electroded

with electroless nickel, then silver paste. The sample
The mechanismn of P[I•R effect was considered as of (Ba-Sr)TiO3 solid solution exhibited quite a good

a grain boundary effect rather than a bulk phenomenon. PlTCR characteristic ( •, 5 orders of magnitude resistance
Potential barriers at the grain boundary are formed, jtmp) with grain size of 5-lOum. The sample of (Ba-Pb)
which are supposed as a result of P-tyTpe contamination, TiO solid solution possesses quite a low resistivity
adsorbed oxygen and/or ýion vacancy after sintering ( 4 l0O.n.an) below Tc with a good PTCR characteristic,
in oxidation atmosphere . The ferroelectric nature of which seem• to be suitable for the low voltage
the material allows the potential barriers to be applications.
activated above the Curie Point resulting in a sharp
rise in resistance. Below the Curie Point, the barriers Results and Discussion
are weak due mainly to the spontaneous polarization of
the ferroelectric materials, which compensates the Influence of Sintering Condition on the Microstructure
barrier charge. That leads to P':•3 )effect observed in Development and [1CR Characteristic
barium titanate ceramic materials

The very different microstructure developments
[TCR material has found a variety of applica- were observed for the samples of donor 2-oped3ýBa-ShTiO3

tions because of the abrupt change of its resistance soV4d solution with some additives (Ca , Al , Si
value near the ferroelectric Curie Point, making it o?% Mn-) sintered in different conditions, which are
of the most important ferroelectric ceramic mat,-rials shown in Figure 1, and the resistivity as a function
A high performance =TCR material requires low electrical of temperature for these samples are shown in Figure 2.
resistivity below Tc, low voltage sensitivity and high A dense body with fine grain microstructure (grain
temperature shock resistance. In order to achieve these size-2umn) was obtained for the sample sintered at
requiranents, the ceramic material with a high density, 1220°C/0.5hr. and 1310°C/0.5hr. seen from Fig. 1(a). In
fine grain size and uniform microstructure development other werds, the densification process took place with
is needed, a negligible degree of grain growth at a lower

perature range in presence of certain additives
.In this paper, the temperature range and This sample exhibited an insulating behavior with

heating rate during the sintering process of (Ba-Sr)TiO3  brown in color. As teqperature increased, the grain
solid solution were studied to obtain a fine grain growth took place. A duplex microstructure development
body with a good PTCR characteristic, and the relation was obtained as shown in Fig. l(b). This typical
between the microstructure development and ['CR discontinueous grain grovth phenomenon is not good to
characteristic was also discussed. A material with PTCR effect seen from Fig. 2. However, a relatively
lower resistivity was obtained from the (Ba-Pb)TiO3  uniform microstructure development was pr 8 duced for the
solid solution, which showed that a finer grain micro- sample sintered at 12700 C/0.5hr. and 1330 C/0.5hr. It
structure development could be obtained when the could be deduced 8hat a large number of grains might
ceramics was sintered in nitrigen atmosphere and cooled nucleate at -1270 C, and then grow to a certain extent
in air. The different distribution of the main (e.g. 5-]Oum) as shown in Fig. l(c). This phenomenon
constituents and the additive ions were measured by seems to be a typical continueous grain growth occuring
microanalysis for these PWR materials, in titanates, which is beneficial to the PTCR effect as

shown in Fig. 2. As the sintering tesperature increased
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further, e.g. 1360C/hr., the exaggerating grain growth
took place, som grains outgrew in comn•antion of
surrounding .znall grains as shown in Fig. l(d). This
coarsening phenomenon indicates that the secondary
recrvstallizati ?)ýýess secn.ud to occur in this tem-
perature range, and is harmful to the V" effect
as shown in Fig. 2. As mentioned above, the micro- i L
structure development of the samples of donor-doped
(Ba--Sr)TiO solid solution see••d to be determined by -

two separate processes, nucleation and grain growth,
which were strongly influenced by the temperature range
and heating rate of sintering schedule. F
Influence of Sintering Atnrsphere L

The exxperiment of sintering in nitrigen A

atmosphere and cooling in air was conducted on the
samples of donor-doped (Ba-Pb)TiO solid solution. I

Compared to the normal sintering process, the sample I

exhibited a lower resistivity below Tc and some
improvement in PWCR characteristic as shown in Fig. 3.
The relevant microstructure developments are shown in
Figure 4. An average grain size of -3umj was observed, •..- L
which is smaller than that sintered in air. This result -
could be attributed to the different diffusing rate of
ions in nitrigen or in air, and possibly less evapora-
tion of Pb in the form of PtO in nitrigen atmosphere. F F
It could be suppos-ed that this firing process would
promote the reduction of grain and prohibit th 8 Train ___

growth during sintering in nitrigen atmosphere , -

thereafter fully reoxidize the grain boundary during
cooling in air, which is beneficial to the VVCR effect,
especially for the preparation of PTCR material with a
lower resistivity (e.g. lOO1A.an) to meet the require- FIGURE 5
ment used in low voltage field. Distribution of some ions in the depth profile of

samples based on (Ba-Sr)TiO3 solid solution measured
Ion Distribution with SIMS.

The distribution of ions in the depth profile
of the sample of (Ba-Sr)TiO3 solid solution was The EPMA (Electron Probe Microanalysis) was
measured by SIMS (Secondary Ion Mass Spectroscopy) as carried out with a polished surface of the sample of
shown in Figure 5. It could be seen thýý the disribu- -Pb)TiO solid solution without any etchingtions of the mn~4n const~uent ions (Ba- and Ti--) and (Ba-P)i3sldslto ihu n thn
di o f the 9noro t ions (La and Tb ) semtober ate treatment, which is shown in Figure 6. The scanningdonor ions (La and Nb ) see to be relatively

homogenegs in thi depth profile, however, the additive operation was conducted along the line depicted in
._, Vsin+te figure.

ions (Al and Si ) show some segregation at grain
boundary. The similar results N aboýT were o1ained:

the main constituent iogV (Ba , Pb and Ti ) and
donor ions (La and Nb ) were detected both at the
white areas (grain regions) and at the black areas
(grain boundary and i ergranuAr regions), whereas
the additive ions (Al and Si-) were only detected
at the black areas (grain boundary and intergranular
regions).

Apparently, it could be deduced that the role
of the additives (Al203 and SiO ) would mainly exert
on the grain boundary rather thin the grain itself.

Conclusion

1) The microstructure development of (Ba-Sr)
TiO3 solid solution with donor and other additives
was strongly influenced by the sintering condition.
A densification process could take place at a lower
temperature with a regligible grain growth. As the
sintering temperature increased, both discontinueous

10um and continueous grain growth processes could occur
depending mainly on the temperature range and heating
rate.

FIGURE 6 2) Compared to normal process, sintering in
SEM micrograph of polished surface without any nitrigen and cooling in air would produce a finer
etching treatment and EPMA measureint. grain microstructure development, decrease resistivity

and improve the PICR effect in (Ba-Pb)TiO3 solid
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component, and could be described by a simple two- port net w.ork,
as shown in Fig-l). S-= Il- p Iexp(- 2 yl

I -p exp(A-2 yli

wshere
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Part I
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AUTOMATED SYSTEM FOR PROCESSING OF PLZT POWDERS DERIVED FROM AC'E I AIt- PREtIA RSORS

] R Barrett and E C Skaar
Department of Ceramic Engineering, Clemson Uniersity

Clemson, S C 29634-0907

Abstract process must be completely defined The entire process for this
system includes the making of PLZT acetate solutions, the

An IBM-PC based system to produce and control the precipitation of a solid, the separation of the solid from the liquid.
production of PLZT powders from acetate precursors is described and the processing of the solid into a powder As the process is
Problems with the development of appropriate sensing systems and defined, process variables are defined and assessed These %,ariables
algorithms are discussed A proposed prototype system is must be isolated and treated in a manner that is consistent with the
presented IPM process It is also important that the equipment that makes up

the system be compatible so that it can be linked efficiently and
Introduction effectively. The hardware, such as mixing equipment, valves, and

sensors must be linked to the software (computer) that runs the
The increasing need for better manufacturing methods for syEtem The hardware and software are the to major components

new (and old) materials has been the purpose for this study. In of any IPM system, and each has its own purpose
advanced materials systems, it is often necessary to very closely
monitor a process, which can be very expensive if the procedure is
too complicated or too abstract to be overseen by conventional Sensors
sensors and computer equipment. The development of advanced
sensors can enable the reduction of labor-intensive procedures I One of the common measurements in a coprecipitation
The use of advanced sensors in conjunction with high-level control process is the pH of the solution However, pH measurements have
methods, such as artificial intelligence, can result in a cheaper, yet been found to be impractical and not suited for automated
higher quality product in processes that may involve complicated processes for this particular material system The presence of
processing steps. This study examines the use of software and acetic acid, either from addition or from the bulk ra%, materials, and
hardware combined in an automated process to produce PLZT the high methanol concentration of the water soluble solutions
powders from water soluble acetate precursors. prohibits an accurate and reliable measurement of p1i because the

glass bulb of the pH probe is strongly attacked under these
Intelligent Processing of Materials conditions ' The pH measurement is based on the Nernst equation.

which assumes that the hydrogen ion activity is equal to the
The purpose of the method of Intelligent Processing of hydrogen ion concentration However, the Nernst equation is not

Materials (IPM) is to reduce the period between materials valid for low hydrogen ion concentrations, and that is the condition
development and the production of those materials while at the that exists with this system In addition, the ammonium hydroxide
same time increasing the quality of the product. The quality that is used as a precipitating agent destroys the hydrated laver that is used
achieved through the IPM process is Duilt-in during production and to generate the potential difference for a pH1 reading The potential
not the result of an inspection after manufacture. I IPM is desirable difference is the signal that is converted to a pH value It is
because it can improve the quality, reliability, and the yield of possible to take pH measurements in this system in a laboratory
processed materials 2 IPM combines the expertise of the process environment, but it is not possible to implement this sensing method
engineer and the knowledge of the materials scientist through the in an automated process because of the constant maintenance that is
use of an expert system. 2 The expert system is a computer's required to keep the pH electrode in operating condition A long
software that is an application of artificial intelligence which utilizes stabilization time for a pH reading also contributed to the decision
efficient and effective data handling and retrieval to analyze and that pH is not suitable for this IPM procedure
predict processing events. 3 The system is designed in such a way A method of sensing material properties that has been found
that corrections and/or compensations may be made instantaneously to be useful for automated processes is the measurement of
in a process so that the result is a high-quality product. This resistivity/conductivity A two-conductor probe was constructed
system monitors all processing steps from raw material and tested for reading stabilization (response) time and stability of
characteristics to the final product during the manufacturing so that the reading over extended time periods with no probe maintenance
changes can be made in each step and in future steps to achieve the The first attempts to use the probe were made using direct current
highest quality product. Process models and real-time sensors are as the electrical source It was found that DC measurements would
heavily relied upon in the IPM strategy so that higher levels of not stabilize or would stabilize only after a long period of time
control and awareness than in conventional processes can be Because the solutions are polar in nature, it is believed that a
attained. In-situ sensors can monitor complex characteristics such polarization of the solution was taking place, causing the readings
as microstructure in real time and combine this data with to drift. As a result, alternating current was used as the electrical
conventionally sensed data, such as temperature or viscosity, and source. Using the same probe, as shown in Figure I, the AC
the resulting combination is used by the expert system to make measurement resulted in a quick reading response time, in the range
process judgements I It is through these judgements that the of two to five seconds. The stabilization of the reading was also
process is improved continually to compensate for process and raw satisfactory, as the readings stabilized almost immediatelv Thc
material variability probe was left in a variety of raw material, solvent, and batch

To implement IPM in the production of powders from PLZT solutions for periods of hours to days, and the readings were
acetate solutions, a production process that is compatible with the extremely stable
requirements of an automated process is needed. The production The voltage measurement of the solution, V-2. was used to
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find the resistance of the solution after the current, 1, was found 10000o
using Ohm's Law for the known resistor in the probe system and -oo_'

measuring the voltage across it, VI. The change in resistance of PbSAG LaA HO

the solution as the constituents were added to make a 9/65/35 8000 - ""

PLZT acetate solution batch for coprecipitation was plotted against _ _7_00_ _

the weight of the total batch, as shown in Figure 2. An order of
addition of constituents was chosen to best suit the homogeneity of 6000 4
the batch. i, __zAc____S.000

Generally, the resistance of the total batch solution increased 00

as each constituent was added This result is encouraging evidence 4000 i
that an AC resistance probe can be used in an IPM process for
PLZT acetate solutions when an expert system has "learned" the 3000

characteristics of the batching process with respect to change in 2000oy

solution resistance vs weight of addition. The constituent that 10
shows a possible exception for the upward trend is lead subacetate, 0.60 20.00 40.00 60.00

for which the resistance decreased after a point. However, the 10.00 30.00 50.00 70.00

neural network that runs the system can be "trained" to compensate Soiunoa Baich Weigbt grams

for this result. Naturally, the weight of the batch must be Figure 2. Solution resistance (AC measurement) for the total
monitored and the process model for this procedure must be PLZT acetate batch as constituents were added
available to the network, so that the computer can tailor the
batching additions and other parameters to fit the model. At this This second section is an artificially intelligent program based
point in the development of the system, it is believed that the lead on a neural network It is designed to sense "out of control"
subacetate data may actually not be much cause for concern conditions and make appropriate corrections to the weighing or
Because of the difficulty in keeping the material dissolved during batching algorithm
this particular test and other conditions, such as the high Neural networks excel at pattern recognition, diagnosis, and
evaporation rate in this open-air test, there is reason to believe that decision making. 5 The idea behind this section of the algorithm is
a test of a larger batch size in a closed container should solve the to recognize an assignable problem as it develops, and compensate.
problem In a sense, the computer is programmed to utilize statistical process

control.
For example, suppose the metering mechanism for one of the

constituents became partially clogged The result would be a
RE variance from normal with respect to the weight and the resistance

measurements for the batch The pattern of these measurements
would change. The neural network would be taught to recognize

AC SOURCE this pattern, and effect the appropriate compensation. Other types

of assignable problems would also present their unique patterns
which the neural network would be taught to recognize.

The unique beauty of using neural network technology for
this application is that the teaching of the network is not a function
of programming, but rather simulation. For the network to
function, it has to be taught the patterns that specific problems

POLYETHYLENE create. We accomplish this by actually simulating the problem in
PROBE HOLDER the process. The network is programmed to learn and recognize

the resulting sensor patterns. Once the network recognizes the
PLATINUM-RHODIUM pattern, it is programmed to compensate for the deficiency A

PROBE WIRES properly designed network, therefore, does not depend upon an

PLZT SOLUTION exhaustive database of every problem. Rather, as experience is
gained with a process, the problems and solutions can be taught to
the network The algorithm improves with operating experience

a V2 and thus the process can proceed toward optimization.

Automated Batching System
Figure 1. Method of measuring resistance of PLZT acetate

solution using alternating current. The entire automated process for the production of PLZT
acetate powders that is being developed has many parts that need to

Algorithm Development be both optimized and automated. The section of the process that
has received the greatest attention to this point in the development

The control algorithm for this process is a two part algorithm. of the total process is the automated batching system. Figure 3
The first part is a normal weighing or batching algorithm. It shows this system, which utilizes manually filled reservoirs
contains a database of recipes for the solutions required to make containing the liquified constituents of the PLZT acetate system
powders of various compositions As long as the process does not which supply smaller, computer-controlled reservoirs that are used
vary, and all the settings remain constant, the process is capable of to dispense batch amounts. A switch system that consists of two
running with this section of the algorithm alone The second part of stainless steel screws and a low current is used as a liquid-contact
the algorithm (currently under development) is designed to sense switch such that when the valve from the larger, manually
problems and make corrections to the process. controlled reservoirs is opened, the fluid will flow until the liquid
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SOLUIJION RESERVOIRS (MANUAL CONTROL)
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Figure 3. Automated solution batching system controlled by IBM PC.

completes the circuit between the two contacts. The contacts are Summary
positioned at the top and at the bottom of the reservoir. The flow
of fluid in the system is controlled by sets of solenoid valves that The requirements for the use of better manufacturing methods
are run by the computer. Once the circuit is completed, as the fluid in the production of materials that normally require labor-intensive
fills the reservoir, the switch will be activated and the solenoid procedures have been the reason for this study. The reduction of
valve will be closed by the computer to stop the fluid flow. Then, labor hours and the susbstantial improvement in quality of the
the valves of the smaller dispensing reservoirs are opened for a time materials that is possible are the integral in the theory of Intelligent
period that has been previously determined, based on material Processing of Materials. An expert system can be used to develop
characteristics, to a larger mixing reservoir. The longer the time algorithms to control the system if sensors and sensing methods can
that the valve is opened, the more fluid is added to the batch. be improved or developed to suit the needs of such a data intensive

The weight of the constituent is checked and recorded by the system. The next step in the automation of this process is the
computer to check the accuracy of the system. The AC resistance linking of the system to the other components that are needed in the
probe will also be used here to detect any changes and be a part of process, a coprecipitation step and a calcination/powder production
the control in the batching procedures. The system is designed to step.
be able to compensate for clogging of the valves and changes in
viscosity by taking in data on the raw materials and the trends in the
process. The expert system can then execute an order to make a Acknowledgement
change in the process parameters if it is necessary to keep the
process at the correct level, such as leaving the valve open a longer This work was supported by the Office of Naval Research
or shorter period of time. The next step is the mixing of the under contract number NOOO 14-91 -J- 1508.
constituents. After mixing, a valve is opened and the constituents
will flow into the precipitation reactor for the coprecipitation References
process

The automated batching system will be run by the expert [I] H. T. Yolken, "Intelligent Processing of Materials," Mateials
system in a manner in which it will be possible to enter the desired Research Society Bulletin, April 1988, p. 17.
composition of the PLZT acetate solution to be made, and then the
process will be changed to yield the correct amounts of each [2] B. G. Kushner and P. A. Parrish, "The Intelligent Processing of
constituent needed. Advanced Materials, "Intelligent Processing of Materials and

Advanced Sensors, 1987, pp. 173-184.
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[3) P A. Parrish, "Design and Manufacturing of Advanced
Materials and Structures," Intelligent Processing of Materials
1990, pp. 3-15.

[4] Private Communication, Fisher Scientific, Pittsburgh, February
1992

[5] NeuroWindows, Ward Systems Group, July 1991, pp. 1-3.
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PLZT POWDERS FROM ACETATE PRECURSORS VIA COPRECIPITATION

C. Lin, B. 1. Lee, and G. H. Haertling
Department of Ceramic Engineering

Clemson University, Clemson, S.C. 29634

Abstract: Various chemical coprecipitation Powder Preparation
techniques used for the production of PLZT 2/55/45
(La/Zr/Ti) powders were investigated. The The starting precursor chemicals used in
coprecipitation condition corresponding to 0.5 M this study were lanthanum acetate (LaAc),
oxalic acid at a titration rate of 24 cc/min and at a zirconium acetate (ZrAc), lead subacetate
temperature of 21 0 C yielded the largest surface (PbsubAc) and Titanium acetylacetonate (Tiacac).
area calcined powders, hence this condition was The oxide content (wt%) of each precursor and the
selected as the optimum in regard to sinterability stoichiometric batch proportions are given in
of the powders. The characteristics of the PLZT Table 2.
2/55/45 powders under the best precipitation The flowchart representation for the overall
condition were observed and evaluated. It was preparation process is shown in Figure 1.
found by means of FTIR and XRD that the Tabie 2 Par a

perovskite phase formation occurred at 5500 C . 3xide PW L.203 ZrO92 Ti0
2

nole ratio 0,9 001 0-47 0

Introduction recur..r

.lid. , 77 2361 16w6

There has been great interest in lead-based 'rar..or Pb.ubAc LaAc ZrAC T...
perovskite ferroelectric compounds within the t.tc

(Pbl-x,Lax)(ZryTil-y)l-x/ 4 03 system owing to o0o0307 ml
their distinct electrooptic properties and their Bathweight 8.37K 14 74g 9 , 7 4

utilization for transparent ferroelectric ceramics 1 ,
2. The purpose of the present work was to observe Powder Production

the characteristics of PLZT 2/55/45 powders
obtained from some specific precipitation Tco.ndton Coprecieitatipn Process The
conditions. Before selecting the final precipitation conditions for this process were C=O.35M, K=ox.,
condition, some important factors relating to the T=21 0 C, and R=12 cc/min. A clear solution of
precipitation process were selected i.e., (1) type, (2) 9.305 g ZrAc, 1.474 g LaAc, 6.970 g Tiacac and
concentration, (3) rate of titration and (4) 8.536 g PbsubAc was prepared in 75 ml of
temperature of precursors. These coprecipitation methanol . The solution was titrated at the rate of
conditions were then screened in regard to the 12 ml/min with 100 ml 0.35M oxalic acid solution
specific s irface area of powders obtained from under constant stirring and a constant
these conditions. Finally, the condition for the temperature of T=21 0 C by means of a water bath.
formation of PLZT phase was investigated by heat The precipitate suspension was stirred for 5
treatment. additional minutes after the titration was

completed. Then, ýhe entire precipitate
suspension was poured into a stainless pan and
was dried in an oven at 700C. The dried powder
was calcined for 7 hours in air at 5500 C. TheExperimental Procedure specific surface area of the powders obtained above
was measured using the BET multi-point method

Selection of Experimental Conditions (Model: Micromeritics, Gemini 2360).

The system of the experimental design3 is Tyves 2-8 Coprecipitation Processes The
given as in Table 1. conditions were the same as Type 1 except

concentration, kind, temperature and rate were
Table 1. PLZTCoprecptat mn Conditmns changed according to Table 1.

I wpe c K T R
I 0.SM ox 210C 12 ccimin Direct Pyrolvzation Process The conditions

were the same as that of Type 1 except no
2 0,5M amc 50°C 24 cc/mm precipitating agent was involved.
3 0.50M ox 21

0
C 24 cc/min

4 0,5OM amc s0
"C 12 ccmin Spray Pyrolysis Process The conditions were

5 O.6M ax 5&C 12 cc/mn the same as Type 3. After titration, drying was
6 0.5M amc 21

0
C 24 cc/mn performed by spraying the colloidal precipitate

7 0.80M ox 500C 24 cc/mi suspension into a tube furnace at 4500C. The
H o. OM oc 210C 124 cc/min powders were collected at the exit of the furnace., ,8 ,8M . ame 21"C 12 cc/min

C. oncentraton iunit. '. alty
T: Temperature of precursrs
R. Rate f titration of precipitating agent
K. Kind of precipitating agents.

(for brewi'. ox ox.lic acid ,lutmon . amr (NH 4 `2CO3(aq()

CH3080-0-7803-0465-9/92$3.00( ©IEEE 488



Characterization of PLZT 2/55/45 Powders indicates that low temperature was favorable for
forming powders with higher surface area. This

Five samples obtained from the optimum was interpreted that high temperature affects
coprecipitation condition Type 3 were processed nucleation and hence larger particles due to
separately with five different heat treatment growth. The effect of kind of precipitant as shown
conditions: (1) 2200C/2 hrs, (2) 4000C/4 hrs, (3) in Table 6 indicates that oxalic acid was a better
5000C/7 hrs, (4) 5500C/4 hrs and (5) 5500C/7 hrs. precipitant.
The properties of the PLZT powders were As shown in Figure 1 , the various processes
measured using FTIR (Perkin-Elemer 1600 on involve liquid state mixing at the molecular level.
KBr pellet absorbance mode), X-ray diffraction The mixed solutions of Pb, La, Zr, and Ti
(Scintag XDS 2000, Cu Ka-radiation) and electron precursors was coprecipitated as the oxalates or
microscopy SEM (JEOL, JSM-848). carbonates. The selection of the best

coprecipitation condition was based on the largest
Results and Discussion specific surface area of the resulting PLZT 2/55/45

powder. It was found that the conditions of Type 3
Selection of the best coorecipitation condition coprecipitation (i.e., 0.5M oxalic acid titrated at 24

cc/min at 210C ) were optimum for producing
The Type 3 coprecipitation condition was submicron PLZT 2/55/45 powders.

evaluated as the best condition in regard to the
results of the specific surface area as shown in The FTIR spectra of powders prepared under
Table 3. different calcining conditions are shown in Figure

2. The spectra show reduction in the absorbance
In Table 3, it was noted that the low surface

area of uncalcined powders in Types 2, 4, and 6 peaks at -1700 cm-1, which is due to C-O vibration,

resulted from aggregation of powders during as the calcination temperature and/or time

degasing (20000/2 hrs) in the BET test, while the increased. On the other hand, the peak at -575

low surface areas of uncalcined powders in Types cm' is due to metal-oxygen bond, more

7 and 8 were mainly due to supersaturation. Also, specifically ZrO6/TiO6 octahedra vibrational mode.

as shown in Table 4, it indicates that a higher The increase in the peak size as the degree of

titration rate (comparison between Types 1 and 3 calcination increased indicates the formation of

in oxalates) enhances larger number of nuclei of a crystalline PLZT powder. The small peaks at

new phase as well as more tapid precipitation 4 . -1600 - 1700 cm- 1 are believed to be originated from

This results in finer particles with higher surface the impurities in KBr and at -1490 cm"1 from
area in both uncalcined and calcined powders. acetate . The spectra show that calcination at
The effect of temperature as shown in Table 5 5500C for 4 hrs is nearly sufficient to calcine PLZT

powder for the given coprecipitated powders.
P .. P ,.... There are always absorbance peaks around 2920

cm- 1 which correspond to the residual carboxylic
1 5 "acid functional groups, i.e., oxalic acid.

The X-ray diffraction pattern shown in
'4 Figure 3 indicates that the Type 3 coprecipitated

PLZT powder is a mixed phase which is composed

S-'0 of a perovskite PLZT phase and lesser pyrochlore

12 ... phase (20=27.930 only) with an approximate mean

"particle size 5, 6 of 18 nm. This approximation is a
... ......... Er,,,........ . ...... . calculated value based on the Scherrer

relationship of the X-ray diffraction broadening.
... 9..3 .2 . Improved results for achieving the perovskite

S.... . phase were obtained by spray pyrolysis as shown
in Figure 4. The reason is that spray pyrolysis
provides a looser agglomeration of the uncalcined
powders which is favorable to forming a better
diffusivity environment for the gaseous products

during thermal decomposition.
________....... ____........___...._SEM micrographs in Figures 5-6 show the

-.4 ,morphologies of the submicron particles.
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Conclusions

There were totally eight coprecipitation
processes evaluated in the production of PLZT
powders. The oxalates yielded powders with
larger specific surface areas (mean value 9.11
m 2 /g after calcination) than that of the
ammonium carbonates (mean value 3.11 m2 /g).

Under the oxalate conditions, the calcined
powders prepared at a lower temperature of
precursors yielded higher specific surface area
than those at a higher temperature. For the lower
temperature cases, the fsqter titration rate
produced calcined powders with higher surface
areas than that at the slower rate. Single phase
perovskite PLZT powders were produced by using

Figure 5. SEM micrograph of Type 3 a spray pyrolysis technique for preparing the
uncalcined PLZT powder. calcined powders.
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A hSi i-aci obtained from Cabot Corporatioin) was used for winch the BE I

specific surface area was measured ito be 141 11121g, Corresponding it)
(iiaiir size effects in B i( I dit;ae CXanUiiitd as, a funrctionr of poltisity anl equivalent spherical diarrieler of app4-roxinialeiy V4) nim, hiorn
ini order to Cs abate lthe efct oed 01 ricto structurially imnposed stiesses S. EM. micrographs thle particle size was found to be 150) rnnr'/
onl thle die!lcc tr ic be h avior. Uo trIhis ii vest igat j to iiydro hitliral 3 3nin, as deterniiried by a count (if over I (K! panlic les (lte data so

.Startinig powder ts as used to mininiriiz an,\ extraricous efflect,; Fast- obtained was treated as a Gaussian distribution and the standard

nI iri, iccrIqKUeS WsCie sUcceSsi airs used ito otitain i variety ot grain deviation is quoted as the confidence l imits. 'I. lire grain sizes ýAeir

sizes anid densities, anid thle data Wel cr c.alUated using an analysis of obtained iii the same way whierever quoted. The QMKb peaks oil thle

thle (irrric- Weiss beha% irir A Irercolariort liniit between 48"f and as-received powder showed rio splitting suggesting that it is inl thle
60',' of threoretical density is proposed Weow winch insuffiiicient flux cubic phase. though peak, -broadening effects at such smiall sizes

cor it mulit is thorunghrt to I inunt thre dielectric r cspr uise o) tile ceramic. coulId also be repons ible fo r this. Thre chern ic a] analxs is o f tile

A boyve thiis lim it. i ncr cased denis it y appears to increase tile l~oomi powkder revealed impurities in very low% quantities as flos
tcirpetature dilctJirK, conrstarnt for grain sizes bemetnc

;rpprox irratel% R)h pmi and 20) ptmn Al~ =( -0(.41,,( ('a( =(h49',1 and Bi() . FeiO;, Kio, Nigo.

NaO. P,0j. Sjio.. SnOi. SrO-' and 7.rO'u all < 0l.00'i

All otherinipurities were present in quantities less thanO 01). ''lre
[he problemn ot size elfeci. ~in Balit hiave been studied since tile Ba:Ti ratio was approxinmately 0h.99: 1.
miiid- 1950S's and still rer irainl large! Y uniresolved T hese efIfect s are of

v ariorus types inclu rd ing part ic Ic size. gr ain size and thIini fiIrin effects. 21. Pr tryes slit i -

depending onl the nature of tile errergetic bounrdarY conditions for tire T-he powder was mrixed with 5 wt17Y polyipropy I carbonate) QPAC

given system.i 41) obtained fromn Air Products. Allentown. PA) as thle birnder and

tire pellets were pressed urniaxiall1y at a pressure of approximately 40!

hegrain size effect oc-urs at grain diamieter of approx imnately I KX p~s~.( 2X8 MPa) to a thickness (if ().5 rrmn in a t /.i. (6.25 ruin)

pinl, and is especially characterized by air annirualouosly high value of die.

th e die!lect ric co n stan t. K . atl ro on tl ten mpera to re. V a riorus theo ries T e p l e s w r h n f s -i e 4 a e p r t r s b t e n 1 2 "
have been forwarded to explain this. most significant of which are Thpeltwrehnfa-iedateprtusbten 02C

thei'tn'rra rnsv ri t~e tiori~ tril mdel, lre onrerstaes anid I 300C and for soak-tinres betweent 5 minutes to 30) minutes by

that the absence oft 9)0 " domiainis at tire critical graint size means that insertion into a conventional furniace which was kept atl thle requisite
anr unrelieved stress exists in tue grains which causes the high values teniperature. 'Ilrey were removed after thle desired soak' -time had

,)f K. 'flie latter states that there is iii fact anr increase in thre domain elapsed. Sorte of the pellets were subsequently annealed at 6OI) tC

wall density at tire critical grain size and that this results iii airl for four days to alleviate any' thermal stresses that nilaN have

increased] extrinsic contribution to K. developed despite the low thennal tirass of the saniples. Other

Ini a previous paper tire authors reported at significant dlifferentce it samiples were sintered using conventional tine-temperature regimes.

tire dielectric properties foir two sainuples with approxiniate grain size

of 0.0 pill, but with) dhensities of 48'%' and 60% of thelreetical 1. This 3. Diehet bric Measuremnnrris -

paper seeks to study tire effects onl thle dielectric properties of The dielectric conistantb (K) arid loss (D) were mneasured while

vary ing thle gra in size foir constant. iiiii- zeroi porosity levels arid coiol ing frorni 15011C ito -1I2011C, at 0. 1. 1, 10. 40),1001 k I~z. rising a

vice-versa. 4272 Hewvlett-Packard capacitance bridge interfaced to a computer.

TFhe cooling rate was 21'C per minirute, Air alternating voltage of I V
111. lExrer-iitylital lirocednr-e was applied. Tire Curie constanrt and Curie-Weiss temperature (C

arid T,, respectively) were calculated frorrt the dielectric data by
1. Nirlaerials - plotting tik versus temperature arid curve fitting. The transition

Ilytlrntliermual Balil ) powder (IINITi BI'X. lot rut. 571 - 14. temperatures were deterririred by plotting ttK/(ti. versus temperature.

withr the ranges quoted being detennrired as explained beow.
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I11. RESULTS AND DISCUSSION
300000

I. Nlicrostructural Develojmennt .-

As explained in the introduction, the boundary conditions of the C 200000 -

system are very influential in determining its dielectric behavior. ."
This is the reason for selecting hydrothermal powder as the starting 0_ " _:

material as it is highly crystalline and is thought to possess a 2 100000

relatively pristine surface, unlike calcined or milled powders. In 0

addition, the narrow size distribution results in a narrow grain size

distribution which is essential for comparison in a study such as 0 .
0 1 2

this. The fact that the Ba:Ti ratio is slightly below I caused Grain size tpm)

exaggerated grain growth and the resulting bimodal grain size Figure 1B: Curie constant vs grain size for

distribution only at sintering temperatures above approximately various densities for fast-fired BaT1O3

- 46o. dense - - 61%denwe - -X-7S'._. jnsi
I 2500C. £ 81% dense 90. dense

As expected. fast-firing at high temperatures (though < 12500C) 110

produced high densities with fine grain si7- and by this method a 100

variety of grain sizes and densities was obtained as desired. "0. -"

E 90 ,-e

080-

2. Dielectric Dala- 8

aI Room 'l'eimerature K:- Bottcher's mixing rules were 7

applied to the dielectric data to account for the porosity, which in 0 60

some cases was as high as 50%. Values of dielectric constant 50
50

measured at 700C were used since, in many cases, the tetragonal to 0 t 2

oilholrhombic phase transition temperature (To-t) rose to around Grain size (pm)

room temperature. thereby additionally increasing dic room Figure 1C: Curie-Weiss temperature vs grain size forvarious densities for fast-fired BaTIO3
temperature value of K as has been observed by others 2 .5.6 (see v d - o- fast-fired 90Tdns

-0-- 48%/ dense - + - 63%/ dense-- &..-8 1%dense.- .•- •90%/ dense

section 2. b)).

While for the samples with <75% of theoretical density the K values

at 7(1C appear independent of grain size (figure IA), the trend for appear to generally lie within the ranges of (1.5 - 2.5 E5 OC and 55 -

samples with higher density is not consistent. The Curie-Weiss I05 0C respectively. The Curie-Weiss analysis was taken as a

analysis for these samples shows that samnples with very low measure of any deviation from classical ferroelectric behavior, as is

densities -approximately 48% dense- have Curie-constants (figure seen with Maxwell-Wagner microstructures (see section 2.c)

I.B) and Curie-Weiss temperatures (figure I.C) significantly lower below). To this end, an arbitrarily selected range of acceptable C

than they are for the more dense samples. This is believed to reflect values was imposed between 1.3 and 1.8 E5 outside of which the

the existence of a percolation limit between 48% and 60% density dielectric data was assumed to be suspicious. These limits are

below which there is limited continuity of the electric flux lines shown in figures lB, 2B, and 3B.

during the application of the field. The recorded values of C and To 7000

7000 • /
6000 -'

6000i
O 5000-a x

5000 / r-. / +
4000 + X

; 4000 • /,0 a,Y, 300- + AP + 30a X/

3000 - - 2000

2000- 1000

1000 40 50 60 70 80 90 100

0 Grain size fum) 2 Density (% theoretical)
Figure IA: K at 70*C vs. grain size for various Figure 2A: K at 700C vs density for various grain sizes
densities for fast fired BaTI03 for fast fired BaTi03

-4D- 48% dense - +- 63% dense- x- 75% dense
A 81%dense m 90%dense - 0.2 pm +-0.3 jim - "X-0.45 pm A 0.6rpm 8 0.82pm
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Figure 2B: Curie constant vs density for Figure 3B: Curie constant vs grain size ar various
Various grain sizes for fast tired BsTIO3 densities for fast tired and annealed BaTig3
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Figure 3C: Curie-Weiss temperature vs grain size tor
Density (%theoretical) various densities for fast fired and annealed BaTiO3

Figure 2C: Curie-Weiss temperature vs density for
last fired BaTiO3 -1- 48% dense + 82% dense -- -- 90%dense

-'1- 0 2 pim + 0.3 pm x 0.45 pm - 0.6 pm - I -0.81 pm seen is generally higher values of K for the sanmples which are on

average 90%7f dense. than tho~se thai are about 90% dense. assuiing

greater stress results at higher densities. Unfortunately the lack of
Figure 3 shows similar plitas for samples which were annealed atter more data points meant that these rather close den~sity values could

fast-firing. Hlere the same percolation limit is obscrvedl though only not be compared wit th thers.

a lihited number of density ranges was examined. However for

densities above 82% of theoretical. i.e. well above the proposed

percolation limit, there is a higher degree of consistency in the b) Shill of Iralnsilion I tnitmiralUres: - A seconid

trends observed. K is observed to indeed be a function of grain size anomaly, the increase in the orthorhombic to i agonal transition

at each of the fixed densities, initially increasing to a maximum at temperature (Tr-I) to around room temperature.was obs.erved (figure

about I gm, and then dropping for the very large grain sizes (90% 4). as has been reported by others2
,
5

.
6

. All increase of the

dense range of samples - figure 3.At. The Curie constant (figure 3. rhombohedral to orthorhombic transition temperature (
T

r-) was also

B) is also seen to lie within tile selected limits, with the exception of seen, although the transitions became very diffuse at grain sizes

one value at 80% of theoretical density. What is expected but not smaller than around 0.3 pim.

5000

T[he Curie temperature was observed to decrease gradually as a

4000 /1 function of grain size. This appears to fit in well with the internal

S/ ~/ stress model which envisages a complex stress on grains which has
0 3000 " '-a a resultant hydrostatic nature, therefore suggesting that tile room

X .2000 temperature tetragonal phase will be forced hack to the cubic phase.
Such trends have been observed on single crystal BaTiO3 subjected

to hydrostatic pressure by Merz
7 

and Sainarag in separate studies.

1 1 0 100 However, Merz
7 observed To-i to initially decrease as hydrostatic

Log Grain Size (pm) pressure increases, and eventually increase at much higher levels of

Figure 3A: K at 70 C vs grain size for various stress (15() atin) than can be expected in these ceramics. It cal only
densities for fast fired and annealed BaT1i03 be concluded therefore that actual stress system on the grains in

"-0- 48% dense -+ -- 80% dense -- -90% dense these ceramics is very complex.
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microstructures may be the result of defects carried over from the

Cubic phase starting powder. As mentioned earlier, one of the reasons for

selecting hydrothermal powder for this work was to avoid such

t_ aproblems. For a range of frequencies between 10() Hz and I 0( kHz

2 0 no appreciable change in the values of C and To for the annealed
Tetragonal phase samples was noticed suggesting that conductiv ity %as not a factor in

EL this caseE 30-
-%. (Conclusions

c
9 -20 Orthorhombic phase

SI ) Room temperature K seems to display a maxim um tor grain sizea
S-70 - of just above I .m below which it drops oft, for samples with

densities greater than approximately 6(0;' of theoretical
Rhomboheorai phase

-120 2) The data suggests the existence of a percolation lunit between the
• 1 10 lt00 densities of 48% and 0)% of theoretical

Log Grain Size (pim) 3) Above this limit there appears to he an increase in K as grain size

Figure 4: Transition temperatures as a increases while holding density constant, with a peak at about I 3
function of grain size

0.6- p4) The effect of density as a variable appears to he less influential on

0.5" - (Tc-To) 50 the dielectric data above the proposed percolation limit, although a

more thorough statistical analysis would be desirable to confinn
>. 0.4- 40.4 40 a this.

o 0.3- 5) Tc decreases with decreasing grain size. while T- and Tro
o "30 .-
0. 0.21 increase, over the range of grain sizes examined.

20 6) Curie-Weiss analysis was found to be a good measure of the0.t
microstructures obtained by fast-firing. e.g. under conditions that

0.0. ......... ,. .................. 10 prevent adequate diffusional processes from occurring, anomalous
.I tol too Curie-Weiss behavior was witnessed. Annealing for temperature

Log Grain Size (pm) and time conditions selected so as to avoid grain growth (6(XYC for

Figure 5: Porosity and (Tc - To) vs Grain Size four days) removed the anomalies.

cl Curie-'Weiss Anahssis:- The Curie-Weiss equation is

given as: RLER1NLa

K =C/ (T -TO)I .W.R.Buessem. L.E Cross and A.K Goswami,
where C is the Curie constant, To the Curie-Weiss temperature and "Phenomenological Theory of High Permittivity in Fine-Grained

T is the measuring temperature (the independent variable). For Barium Titanate", J. Am. Ceram. Soc., vol. 49, pp. 33-36, January
1966.

samples with diffuse phase transitions, the relationship was plotted 2. G. Arit. D. Hermings and G. de With, "Dielectric Properties of

at a temperature above the value of Tc obtained in order to obtain a Fine-Grained Barium Titanate Ceramics", J. Appl. Phys., vol. 58,
pp. 1619-1625, August 1985.

linear curve. The data indicate a scatter in C as grain size decreases, 3. K. wa Gachigi, U. Kumar and J. Dougherty, to be published in

with a more definite decrease in To, especially for densities below Ferroelectrics.
4. H. Mostagachi, and RJ. Brook, " Production of Dense and Fine

the 60% mark. The difference between To and Tc is about 10C for Grain Size BaTIO3 by Fast Firing", Trans. J. Br. Ceram. Soc.. vol.

BaTiO3, which is characteristic of ferroelectrics with a first order 82, pp. 167-170. 19832.
phase transition. The plots of the log of the grain size versus Tc-To 5. AT. Bell. A.J. Moulson and L.E. Cross, "The Effect of GrainSize on the Permittivity of BaTiO3", Ferrolectrics. vol.54. pp.
and versus porosity were found to coincide closely (figure 5). Lines 147-150, 1984.

6. T. Kanata, T.Yoshikawa and K.Kubota, "Grain-Size Effects onand Glass note that the difference (Tc-T0 ) decreases with increasing Dielectric Phase Transitions of BaTiOi Ceramics". Solid State
pressure 9 . Figure 5 therefore appears to support the theory that Communications, vol. 62. pp. 765-767, 1987.

7. W.J. Merz. "The Effect of Hydrostatic Pressure on the Curieincreased density increases the stress on the grains. Point of Barium Titanate Single Crystals". Phys. Rev.. vol.77,

pp.52-54. April 1950.

Graham et al examined the Curie-Weiss behavior of BaTiOA and 8. G.A. Samara. "Pressure and Temperature Dependences of the
Dielectric Properties of the Perovskites BaTiO3 and SrTiO3", Phys.

reported that their dielectric dispersion characteristics reflected Rev., vol. 151. pp. 378-386, Nov. 1966.
9. M.E. Lines and A.M. Glass, Principles and Applications ofmicrostructural inhomogeneity of the Maxwell-Wagner type ( i.e. Ferroelectric and Related Materials, Oxford (Eng.), Clarendon

conducting grains with insulating grain boundaries) resulting in Press. 1977. ch.5, p. 161.
10. H.C. Graham, N.M. Tallan and K.S. Mazdiyasni. "Electricalroom temperature and maximum dielectric constants of 15,00() and Properties of High Purity Polycrystalline Barium Titanate", J. An.

50.000 respectively in some of their samples t 0 . Such Ceram. Soc. vol. 54, pp. 548-553. Nov. 1971.
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The FLEXIBLE COMPOSITE FERROELECTRIC FUNCTIONAL FILMS*

Daben YANG

Electronic Polymers Research Laboratory (EPRL)
Department of Materials Science and Engineering

University of Electronic Science and Technology of China
Chengdu 610054, Sichuan, P.R. China

ABSTRACT (1) flexibleness structure: flexible thin fiLm;
(2) flexiblcoess puarraeters: low C 3 3 , low density P and

This paper investigates the concepts of structure, low acoustic impedance Z.;
mechanism and characteristics of flexible composite (3) flexibleness functions: flexibleness strength,
functional filirm: in modem materials science of electronic deformation processing, low density matching, wide
composites. It also studies the films' basic principles frequency band response, sensitive utansducing of weak
and flexible characteristic features, and utilizes the signal,etc.
dispersion model in 2-phase flexible composite
framework to effectively explain the properties of The author studies the most world-widely typical
composite piezo- and ferroelectirc mechanism. The ferroelectric polymer PVDF and PVDF-based flexible
theory and experiments are consistent. composites PVDF/BT, PVDF/PZT, PVDF/PCM, etc.,

as well as other kinds of flexible composite piezo- and
INTRODUCTION ferroelectric films of different organic /inorganic

systems. They contain :'emarkable technological and
Electronic materials, components and devices play a wcientific values in modern electronic sensitivity, energy
leading and fundamental role in acn high technology transducing, electret, and electrical power areas3 4 .
development in modern electronic science. In particular,
electronic composite functional materials and their EXPERIMENTAL
applications are one of the important directions in the
worldwide development of electronic materials, 1. Preparation of Flexible Composite Thin Films
components and devices in 1990's. The wide ranges of
characteristics and applications of electronic composite Analysis shows that whether a 2-phase composite fil1m is
functional materials, which have been developed from structurally stiff or flexible depends mainly on base state
various kinds of modern electronic functional materials, and connectivity type of the composite system.
originate in fact from diverse composite processes'. Obviously, composites with metallic and ceramic bases
Table 1 summarizes the functional composite principles are stiff while composites with polymer base may be
and characteristic types of modem electronics. flexible. On the other hand, the connectivity type is also

crucial for 2-phase composite systems. According to the
classification scheme by R.E. Newnham of The

Table 1 Functional conposite principles of modes,, electon'ics Pennsylvania State University of the U.S. 5, but using
Principles Char•,•,•stc ty, polymer base categorization (polymer/ceramic, i.e. P/C

composite categorization) instead of using ceramic baseCa,,posi~ lcts o Srumm..at a,, (indepndenc,d•. unon); multiplction categorization (ceramic/polymer, i.e. C/P composite
base seates metallic base, ceramic base; polymer base
phase states two-phaae; multi-phase categorization), we may have the following results. As
connectivity types 1. 2 and 3-dimsnsional polymer (P) phase exhibits flexibleness while ceramic
structural propertie flexib!encss; composite class; symmetry; percolation (C) phase exhibits stiffness, all P/C composite systems
functional properties dielectric, sensitive, transducing.electret, conductive,

magnetic.bioclectrcal, molecular elccjica- can be primarily classified into three types by 2-phase
connectivity:
(1) flexible composite (F type), i.e. all those with zero

Recently, electronic flexible composite piezo- and dimension of stiff ceramic phase, for example, 3-0, 2-0,
Recetlyelectrofims haveibrought cpowide research interest 1 -0 and 0-0 types;
ferroelectric films have brought upiwider reseand ietelet (2) stiff composite (S type), i.e. all those with threeand been a focus of international ferro- and piezoelectric dimensional stiff ceramic phase, for example, 0-3, 1-3,

study 2. W ithin the framework of "flexible composite 2-3, 3-3 types;

functional films", flexible composite piezo- and 2-3, 3-3 types;
ferroelectric characteristics signify into the following (3) semi-stiff-semi-flexible composite (SF type), i.e. all

those with flexible polymer phase and ceramic phase
ways: taking one or two dimension, for example, 1-1, 1-2, 2-1

and 2-2 types. Fig. I shows the flexible, stiff and semi-
This project isnd eNational N l _e flexible-semi-stiff connectivity types of the P/C 2-phase

Thspoetis funded by the NainlNa~mral Science compoite, systems.Fundation of China.

CH3080-0-7803-0465-9/92$3.00 ©IEEE 496



Due to the similarity between polymer-based flexible
Mg I mo •composite films and flexible polymer films, the former's

F 1 piezo- and ferroelectric resonance is much weaker than
that of inorganic crystals and ceramics. Hence the
flexible composite piezo- and ferroelectric characteristic

SF parameters may be characterized by two approaches:
direct test method and indirect calculation method. Some
calculational equations of 2-phase flexible composite
coupling parameters have been derived in this researchFig. 1 Connectivity types of P/C 2-phase composi:e and are given as follows:

systems

Therefore, the flexible composite films for experimental I) stiffness constant
samples adopt electronic polymer PVDF-based resin
(SOLEF 1008, Germany; CSFP, China) and 3(1_-I )C13 +(•2-+-30--C
ferroelectric ceramics BT, PZT, PCM (puratronic, C-" C=31C•3

Philips, China) clusters (50-80% wt), in the form of 3) 03 + 2( 1 -0 C2
33

type 2-phase flexible composite system, to prepare
50-200 vim thin films of PVDF/BT, PZT and PCM, etc.
by the solution flow extension method. Such composite where C3.3

1, C132 are the stiffness constants of phase I
film technique and structure provide valuable implication and 11 respectively, and 0 is the volume percentage
for industrial manufacturing and applications, proportion of phase If.

2. Piezo- and Ferroelectric Treatment (2) acoustic impedance

Experiments show that the keys of composite piezo- and Za = P ( C 33 / p ) 1/2 (2)
ferroelectric functional film technique lie in: (1)compsit fil itelf;(2)pieo- ad frroeectic here p is the composite volume density, and C33 is the
composite film itself; (2) piezo- and ferroelectric fnscota.treatment; (3) energy transducing structure. After the cni, posite stiffness constant.
requirements of flexible composite proportion, (3) electromechanical coupling factor
prescription, cluster size and shape, and uniform film
formation are all satisfied, the piezo- and ferroelectric
polarization and appropriate treatment become the critical K33 = ( C33 / o -, ) t1 d33  (3)
determining factors for composite piezo- and ferroelectric
properties 6. where E, is the composite relative dielectric constant, and

(131 is the composite piezoelectric strain constant.
In the piezo- and ferroelectric treatment of this study, the
experiments focus on improvement in the following two RESU.I S AND DISCUSSIONS
approaches:
(1) polarization method: thermal polarization, discharge 1. Flexible Composite Piezo and Ferroelectric Properties
polarization, and polarizations aided by low-frequency
impulse or laser, Under the conditions of meeting the key technical
(2) polarization condition: polarization field strength E., requirements for film formation, treatment and structure,
temperature T., time tp, pattern PIP and processing the P/C flexible composite films in this study achieve
techniques. All these factors help to control composite high levels of comprehensive piezo- and ferroelectric
piezo- and ferroelectric micro-domain and polarization properties. As illustrated in Table 2, the 2-phase
structure. composites possess a feature of summation of the two

single phases 7.
3. Characteristics of Composite Piezo- and Ferroelectric Table 2 Flexible Composite ptezo. and f. .cleunc properes
Properties

Films p C33 c" d33 g33 Za K33 Pr Ec Tc

Research shows that P/C 2-phase flexible composite (IOKsml 109N/.2 PC O,3V,,, 106K &M
2

3 % ý,C/,CMZ MV/I C)

functional film systems have a distinguishable PVDF 1.78 2.5 13 12 113 2.1 5.6 0.1 4.6 165
characteristic of combining mechanical flexibleness and PZT 7.8 36 .300 200 16.5 16.7 34 22.5 1.35 180

comprehensive piezo- and ferroelectric properties. Such-------------85-0-----5--- 6--------- -
fu cinl.PVDF .5.6 8.8 85 50 66.5 6.6 17 3.8 13 180

composite functional properties can be represented by: /ZT 5-6 8-9 40-85 30-50 48-85 6-7 10--17 2-8 10-15 180-220

(1) mechaitical flexibleness (C33, p, Z,);
(2) flexible composite functions: A large experimental data set shows that the PVDF film's
A. composite dielectric (Ey, tg5%); piezo- and ferroelectric properties depend on film
B. composite piezoelectric (d33, g33); formation conditions, thin film's one-way or two-way
C. composite pyroelectric (PC); extension and the extension ratio (generally ? 3-5), and
D. composite ferroelectric (Pr, E,, Tj); plezo- and ferroelectric polarization treatment conditions
F. composite coupling (K33), sensitive responsive (V,). ard techniques.
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In particular, the causal factor for piezo- and ferroclectric
micro structure still lies in the transformation of (x crystal
type into B crystal type and the orientation effect of C-F
polhrized dipole moment in PVDF. Single phased PVDF
films have excellent mechanical flexibleness (p,C 33),
absorption piezoelectricity (g33) and water media
biological coupling property (Z,). However, the weak a PVDF b PZT
piezo- and ferroelectric domain effect determines 'heir
unsatisfactory emission piezoelectricity (d33), elec,,ro-
mechanical coupling (k33) and ferroelectric storage
property (P,).

In contrast, the ferroelectric ceramics PZT, when
meeting the 2-phase system's ferroelectric domain
structure and polarization treatment conditions, based on
its ferroelectric spontaneous polarization domain c PVDF/PZT
mechanism, provides strong piezoelectricity d 33 , Fig. 6 Ferroelectric hysteresis loops
coupling k33 and ferroelectricity Pr and E¢, except for
that the mechanical stiffness and high acoustic impedance 2. Flexible Composite Dispersion Model
limit a wide application in water media coupling and
sensitive transducer testing. Many micro-structural analyses (metallic phase MG,

The 3-0 type 2-phase flexible composite P/C system, scanning electronic microscopy SEM, infrared ray IR)

based on the composite functional summation principle, show that the P/C flexible composite 3-0 type 2-phase
has achieved the overall composite goal of combining system (phase I polymer, phase I1 ceramic) is a

high piezo- and ferroelectric properties. Compared with composite structural system with phase II clusters
stiff composites, flexible composites excel in .the distributed highly uniformly in phase I base.
improved piezo- and ferroelectric properties in addition
to a focus of mechanical flexibleness strength, low P- , , .
density match coupling, and sensitivity transducing
property. Our experimental tests show that the P/C R,
flexible composiez system has remarkably excellent
composite dielectric properties (s'-T*C relation in Fig. 2 0,0 1 Q 0

b (D 0 1
and "-T"C in Fig. 3), composite piezoelectric property 0 0 0 0
(d33-EP in Fig. 4), composite ferroelectric properties
(P-EE in Fig. 5, ferroelectric hysteresis loop in Fig. 6:
a.PVDF, b.PZT, c.PVDF/PZT). o i Eli

r.,CC,, I Fr,Fig. 7 Flexible composite dispersion model

co K i .ased on the 2-phase flexible composite structural
-- ,- o ! o.o---,,- characteristics and composite piezo- and ferroelectric

effect principles, the author proposes a concept of
l, 2 '-'F'C relation Fig. 3 C-I"C relation flexible composite "dispersion model"'. The model

describes the polymer-based 3-0 type flexible composite
S.. .... film as a 2-phase dispersive composite system with

series connection and parallel connection uniformly
distributed, as illustrated in Fig. 7. This model gives the
system of equations for the dispersive composite with a
certain proportion of series connection and parallel
connection:

Fig. 4 d33-E,, relation Fig. 5 P,-Ep relation D = I ) D + 6 D2

In the meantime, the ferroelectric characteristic frequency E = I - q) El + (P E2  (4)
spectrum and field strength spectrum of flexible ( = - E• 2 )/(- ( li)
composite films show that all ferroelectric response
curves exhibit a composite characteristic tendency
towards the flexible phase relative to the single stiff T = 2 i) F ( Er 0 E - E l ) (5)
phase (ceramic) and single flexible phase (polymer). t
This is typical "flexible composite effects. = f ( 1)
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where D is the electrical displacement, E is the field (2) organic heterogenous deformation phase: B crybtal

strength, P is the polarization strength, E is the dielectric type of flexible polymer PVDF molecular chain and the
constant, 0 is the volume percentage of phase II, and o,(p oi icnted ordering of C-F bond dipole moment. This is a

"flexible composite ferroelectric ordered diomain" fec'
are composite coefficients of series connection and effect'.

parallel connection.

According to this study's 2-phase flexible composite -

dispersion model, the author extends the 1-phase
piezoelectric composite model by T. Furukawa et a] of
Japan 9. The assumptions for adopting the dispersion
iiiodel are as follows:
(1) Two phases are both homogeneous. :- .
(2) Two phases db not permeate into each other with
defectless interfaces.
(3) Phase II is uniformly distributed as sphere in phase I.
(4) Two phases both have piezo/ferroelectric properties.

= 2 c, + £2 - 2 El ( E2 -E2 ) (6)

2e, + E2 + (E (E, - e,)

d=1 -2 IE LS, d, + 2-- LE Ls 2d2  (7)

P = - 1 + I (P Fig. 8 3-0 type 2-phase co,,,posite X-ray diffraction
(l-2)P, p 2 - graphI

where El, £2; C1, C2 ; d1 , d2, Ph, P2 are the relative CONCLUSION
dielectric constants, stiffness constants, piezoelectric
strain constants, and ferroelectric residual polarization The 3-0 type flexible composite piezo- and
strengths of phase I and 1I respectively. ferroelectric thin films of polymer base PVDF and

The repeated computer aided analysis has verified that ferroelectric ceramic series PZT, namely PVDF/PZT
the dispersion model in this study is consistent with the series, possess remarkable properties of low C33

1-phase composite piezo- and ferroelectric properties, mechanical flexibleness, high synthesized composite
and is also applicable to the 2-phase piezo- and dielectric ej, good piezoelectric d33 and g33, ferroelectric
ferroelectric composites. Therefore the dispersion model 1) d
extends the T. Furukawa model. I and low Z. coupled matching features.

3. Piezo- and Ferroelectric Mechanism of Flexible The 3-0 type 2-phased flexible composite functional
Composites structure exhibits an oriented addition of the stiff

Our micro-mechanism study shows that the piezo- and ferroelectric domain and the flexible heterogenous
ferroelectric mechanism of P/C flexible composites may deformed dipole moment, namely "flexible composite

originate from three sources: ferroelectric ordered domain" effect.

(1) heterogenous deformation of the composite film,
(2) dipole moment change of the composite phase, R EFERENCES
(3) space charge effect in the composite system 9'°0 ."1.12.

From a comparative stud:' of the X-ray diffraction I. Daben YANG, ISE7, C1 3029-6/91/000-0518,
analysis on single-phased P. JF, single-phased PZT and 2 D.S. IEEE, 1991.
3-0 type two-phase PVDF/PZT composite system, i s McLachlan, M. Blaszkiewicz, R.E. Newham, J.shown in Fig. 8: Am. Ceram. Soc. 73 8], 1990.

ondiffraction peaks (002) and 3. YANG Daben, ISE 6, 88/CH/2593-2, IEEE, 1986.
(1) Around 20 = 44% the ferroelectric domain have a 4. YANG Daben, Ferroelectrics, Vol. 101, 1990.
reversed strength change before and after polaization 5. R.E. Newnham, et al., Mater. Res. Bull, 13, 1978.

6. Daben YANG, ISAF '90, IEEE, 1990.

(2) Around 20 = 21%, the change of the two diffraction 7. Daben YANG, et al., Polymers and Biomaterials,
peak values before and after polarization may correspond Elserier Sci. Publ. 1991.
to the transformation of two phases of PVDF and P7T. 8. D.B. YANG, et al., ISVTS '91, 1991.

Therefore if the piezo- and ferrozlcctric treatment ensures 9. T. Furukawa, K. Ishida, E. Fukada, J. Appl. Phys.,

adequate technical conditions, the 3-0 type 2-phase 57, 1979.

flexible composite system in this study will obtain its 10. M.G. Broadhurst, et al., Ferroelectrics, Vol. 60,

comprehensive functional mechanism from the following 1984.

two sources: 11. G.M. Sessler, Electrets, Springer Verlag, 1987.

(1) inorganic ferroelectric phase: spontaneously polarized 12. M. leda, IEEE trans. on Elec. Insulat., Vol. EI-19,
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HYSTERESIS BEHAV IOUR AND P IEZOELECTR IC PROPERTIES OF Nb DOPED P1.2? CERAMICS

K.V. Raumna M~rty. K.Umaantham. S.Narayana, Darty. K.Chandra Meoali and A.Bhanuinthi

Solid State Physics Laboratories, Department of Physics

Andhra University, Waltair-530 003 INDIA

ABSTRACT

Lanthanam modified PZT ceramics are calculated excess anmount of ( 5wt %) of PbO

widely used for device applications. The is added to the base composition. Using the

effect of Niobiun. doping on the conventional method of oxide sintering the

microstructure, hysteresis and pie2soelectric following ceramic compositions were prepared

properties of PLZT (5/65/35) ceramics is and studied.

described. Saturation polarisation is Pb 0.5La 0.5(Zr 0 .6 5 T1 N.5097-12xW 03

obtained in the 0.5 mole % Nb added

composition. Niobium doping inhibits the weex=0 .0,000ad005

grain growth. Room temperature dielectric The constituent naterials, after

constant Increased A r d the f errol ect ric grinding and honogenisirg., were calcined in

Curie temperature decreased with Nb content, alumina crucibles at 950 0 C for 3 hrs. The

Optimum piezoelectric coefficients a~re calcined sluc %sas again cround awnd PVA bindcl-i

obtained in the 0.5 mole % Nb added ceramic was added to facilitate pressing into

composition, pellets. 4 to 5 pellets of each con.posit~on

%ere stacked on alumina foil surrounded by

INTRODUCTION coauzse powder cf the san-e -rpcs--ition and

closed with an alumina ciuc.Lole. Then the
Ar~ncng the perovskite compounds, Lead sintering of the pellets was carried out at

Zirconate Titanate (PZT) is extensively used 1225-1250 0 C for 4 hrs and the furnace is

for device applications (1). The properties allowed to, cool slowly.

of these- materials are influenced by theFie r lv pntw aledotb

amlount and type of substitutions, po~lished surfaces of thtý sintored pellcts and
Ferroelectric and piezoelectric properties fired at 500 0 C for I hr.
of PZT are enhanced when doped with Nb, as Poling: For pie?.olectric mecasuzerrents and

repcrted by seve~ral authors (2-4). Also L~a hysteresis behavlour the pc-llets were poled

modified PZT (PLZT) ceramics are widely used bytemho ofBligadFa-n(7
(5) for applications such as high frequency using fields of 20 KV/cn. at 1-levat ej

filters, surface a cou s.t Ic devices etc, teonpeta tui vs in silI Icon, oil.

requiring high relaibility. It would be Dielectric and Piezoelectric Measurements:
interesting t o study the effect of Nb The dielectric n~easuxon~ents and hence

substitutions in PLZT cerarmics. In this teCretnp;aue eeprore tI~
work, we report the n-icrc-tiucture, vning, the F-P impeder-ce anlyiti nmodel 1192A.

ferroelectric and piezoelectric properties Piezoelectric measuren~ents vwere also carripc

of Nb doped PLZT (5/65/3S). The composition out on the sajie PP model LJS~2A by the n-ethod

PLZT (5/65/35) was chooser' as the ceram-ics of resonance -. antiresonance teci-nique (8).

in the rhombohedral phase exhibit (6) higher Piezolectric coupling coefficients K , Kt,

polarisation and piezoelectric properties. d 3 1 and g 3 1 are determined fio-m thesu pdatas.

EXPER IWNTAL PROCEDURE d--. coefficient is neeasured by t;.sing the

J!terial preparation: Berlincourt d--. reter.

PbO volatalizes at higher teriripereturet. Grain sizýe andHysteresis Measurements:

leading to deficiancy of Pb in the. final The grain si,.ýe of tt-( c rami c

composition. To avoid Pb loss, a carefully comnpcsitions Is deternIined from the Scanriný,

CI]3080-0-7803-0465-9/92S3.0o (DLEEE 500



E

Electron Micrographs taken on the as fired

surfaces of the specimens using the Philips

SEM model 520M. A modified Sawyer - Tower

circuit (9) is used for the hysteresis P4 )K

measurements. The saturation and rermanent

polarisations and coercive field are

obtained froný the hysteresis loops. 3 - -.30

RESULTS AND DISCUSSION 2tP/-2

Ceramic compositions in the PLZT f 2

system and their modifications with Nb

exhibit highly uniform ndicrost ructure -110

consisting of randomly oriented grains.

The SEM photographs of Nb doped and undoped 0 0 _0 IS

PLZT (5/65/35) ceramics is shown in Fig.i. -- Nb content(mole

Fig. 2. Variation of PrPs and E with Nb

content in PLZT ceramics.

40 (a) increasing Nb concent r&ti on the z emanent

polarisation, P decreases and coercive

field F increases. Similar effect was

observed by Nagata (10) in undoped PLZT

ceramics. Decrease in ren.anent polarisation

may be due to the decrease in tialn size.

The decrease in Pr may also be due to the

orientation of non 18O° dvrxains in these

(b) harder compositions. With decreasing grain

size i.e. with increesing Nb certent, non
1800 dorrain rotation decreases and so P

s

decreases, as observed.

The doping of PI.7< (5/65/35) ceramics

vith Nb enhances the dielectri c and
Fig. 1 SEN photographs of (a) undoped and

(b) Nb doped PLZT ceramics. ppoete. i.3sost-
variation of dielectric constant with

As the niobium concentration increases

the grain size decreases indicating that temperature fox the Nb doped PLZT
compositions. Th'e room temenrazeture

the Nb inhibits, grain growth. cmcstos - ,0Of n-
dielectric constant I,-creases vwith Nb

The polarisation parameters depend content while the Curie t enperatur e

strongly on the grain size of the ceramic decreases. Effect of N• additio~n in PLZ.'"

compositions. The behaviour of the (5/65/35) ceranics is that is .shows
polarisation parameters with Nb content in

diffused phase transition fo, 0.5 mole W Nb
PLZT (5/65/35) corrmposition is shown in content while nore Nb corcentratifon the

Fig.2. Saturation in the hysteresis loops phasu transitions bec (n~es sharper. Thi.,

could observed only for 0.5 mole % Nb
indicates an increase in the ordering of the

added composition, yielding a saturation
2tion of 42.6 2. structure vth increasing Nb content.

As Niobium is introduced into the B
piezolectric coupling coefficients are also pcsitions of the PLZT (5/65/35) cerenic-z,
obtained for thi-s composition. With

the coupling factors K I and Kt increase.

501



°50
20 .P LZT(5/6S/3S ) Is

.PLZT( Hb0o, S) K

3PLZT(NbOOIO) 4
4 PLZT(f~b0c0iS 40
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I
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Fig. 3. Variation of dielectric constant

with ten-perature of Nb doped PLZT E

cerandi cs.

But as the Nb content is increased, 120

thickness coupling factor Kt decreases d31

while the planar coupling factor Kp

decreases upto I n-ole % Nb and then

increases. The variation of piezoelectric 40- 931

coupling coefficients is shown in Fig.4.

Maexirmunt piezoelectric charge coefficients, 0 80

d 3 of 134.5 pC/N and d 3 3 of 225 pC/N are 0 0.5 1.0 1.5

obtained In the 0.5 mole % Nb doped Nb content mole(o )

con-position; which also showed saturation

polarisation. But maxirun, piezoelectric Fig. 4. Variation of piezoelectric properties

voltage coefficient 931 of 10.01 V-mr/N is v'ith Nb content in PLZT ceramics.

obtained in the 1.5 mole % Nb added Acknowledgements:
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ELECTRICAL DEGRADATION PROCESS AND MECHANICAL PERFORMANCE
OF PIEZOELECTRIC CERAMICS FOR DIFFERENT POLING COINDITIONS

Toshio TANIMOTO and Kiyoshi OKAZAKI

Department of Materials Science and Ceramic Technology
Shonan Institute of Technology

Tsujido-Nishikaigan, Fujisawa, Kanagawa 251, Japan

Synopsis 5 10

The degradation process of piezoelectric properties
under fatigue loading and mechanical performance for
piezoelectric ceramics have been investigated with the F +
special emphases on the effects of poling conditions. The
materials used in the present study are the commercial
piezoelectric ceramics, PbZrO3-PbTiO3 (PZT) and
BaTiO3. Poling conditions for PZT samples were varied (a) PZT
in the three different ways: Polarization was basically 5 10
conducted by applying DC field on the samples (Case 1).
Then, some of the samples were kept under constant
temperature of 85"C for two hours as an aging treatment K -

(Case2). Moreover, in some samples, re-polarization was
performed (Case 3). For BaTim3, DC field was applied on
the samples at the temperature above a Curie point in
advance to the ordinary polarization at the temperature (b) BaTarp3
below the Curie point.

First, the effect of applied voltage values in poling on Fig.1 Compressivetestspecimens.
the piezoelectric constant and mechanical fatigue properties
were evaluated.

Second, the discussion is made on the degradation .BaTi3
process of piezoelectric coupling constant under subjected PZT
to repeated compressive fatigue loading and static (a) Without prior treatment (b) With pnor treatment

compressive strength properties of PZT samples which Ping Poling Prior TreatmenL

were poled in the three different poling conditions as Time: 10 min. Time: 10 min. Time: 50 mi

explained above. Voltage 20 kV Voltage 20 kV Voltage : 20 kV
Oil Temp. : 100 "C i Oil Temp. :85 C Oil Temp. . 130 "C

Third, the effect of application of DC field at the
temperature above a Curie point on the BaTiO3 samples
before ordinary poling is discussed on the degradation Aging Treatment A.-ine Treatment

process of piezoelectric properties under fatigue loading Time: 120 mi. Time : 120 min.
rOil Temp. : 85 *C Oil Temp. 85Cand mechanical strength properties, compressive strength, ocompressive modulus and so on. I _

I Re-olingpoling

1. Specimen Preparation and Experimental Method Time:.20 main. Time 10 ri.voltage :20 kV Voltage :20 kV
Oit Temp. :1I00 "C Oil Temp. 85 "C

The material used in the present study is the

commercially available piezoelectric ceramics, PbZrO3-
PbTiO3 including the third component and BaTiO3. Fig.2 Various poling conditions for PZT and BaTiO3.
Figure I shows the specimen configurations. Poling
conditions for those piezoelectric ceramics are illustrated
in Figure 2. Three different poling conditions, 1) general
poling (application of DC field at the temperature below a Fatigue tests were conducted under axial cyclic
Curie point of 330'C), 2) aging treatment 85*C for two compression at a frequency of 30Hz by an electro-
hours after poling and 3) re-poling after subsequent aging hydraulic fatigue testing machine. The stress ratio R (=
treatment for the poled sample, are adopted for the study Omin/Omax) is fixed to a constant value of 10 in all the
on PZT. For BaTiO3, on the other hand, DC field were fatigue tests.
applied at the temperature above a Curie point of 128*C
(hereinafter referred to as a prior treatment) and then aged 2. Experimental Results and Discussion
at 85 0C for two hours, in advance to ordinary poling.
Also the samples poled without such a prior treatment were 2.1 Comparison of Fatigue Properties for PZT and BaTiO3
prepared for the comparative study. The specimen was
loaded to failure at cross-head speed of 3.5mm/min in The basic fatigue S-N diagrams for PZT and BaTiO3
static compression test. used for the present work are compared in Figure 3.

CH3080-0-7803-0465-9/92$3.00 ©IEEE 504



Polarization for these samples were performed by a50
general way without any particular treatment such as 01k

'Uaging, prior treatment and re-poling, which was shown in 500 0 S 25kV
Figure 2. The linear approximation between the maximum
cyclic stress and fatigue life is drawn by a solid line. As 0 450
can be seen in the figure, the poled PZT sample exhibit a
better fatigue performance in comparison to the poled 0
BaTiO3 sample. 0 C

_ _00 350

0 BaTiO,
0 O1 0 100 100 101

Number of cycles to failure
cii Fig.4 Effect of DC voltage in poling on

4 400 the fatigue properties.
Si0.6

0 Poled
> 300 0.5' Poled

(.) A Aging treatment after poling

0.4 A Re-poled via. aging treatment after poling20041°o0 ----- 10, 10,o 1o0 10, 0.3 "•

Number of cycles to failure A
0.2 " A\A

Fig.3 Fatigue S-N diagrams.

0.0
0 2 4 6 3 10

2.2 Electrical Properties and Number of Fatigue Cycles ( x 106)

Mechanical Performance of PZT Fig.5 Change of piezoelectric coupling constant with

Thc effect of applied voltage value in poling on the increasing fatigue cycles under a fixed cyclic stress.

piezoelectric constant and mechanical fatigue properties 0.6
were examined in Figure 4. Fatigue resistance appears to ""~0.-94
increase with increasing of applied voltage in poling, 0.5 0
particularly in a longer life region. 0.396

Figure 5 compared the degradation process of • 0.4

piezoelectric coupling constant under subjected to repeated 0.3
compressive fatigue loading among three different poling I
conditions as explained in Fi;urc 2. Aging treatment after 0.2
poling is found to be effective in suppressing the
degradation of piezoelectric coupling constant. and much 0.1
remarkable improvement is observed when the sample is
re-poled via. aging treatment after poling. Re-poled sample 0.0 Pe
increases not only the piezoelectric coupling constant 33, Poled Re-poled atea.agingtreatment after poling
but also compressive strength, as can be seen in Figures 6
and 7. As a result, both the electrical degradation process Fig.6 Comparison of piezoelectric coupling constant
and mechanical performance of the PZT samples are for poled PZTiand r.-poled PZTvia, aging treatment
appeared to be the most favorite when the poling of after poling.
samples were performed by the third poling condition 10oo
which means re-poling via aging treatment after poling.
We believe that these results are probably brought by the 0oo 7059 754.0

space-charge effects [1] through aging treatment below 675.3
Curie point. Figure 8 schematically illustrates the space 60o
charge effects. Important points of the space charge effects /00

are: 1) During the aging process of poled ceramics, the 400

internal bias field, Ei, gradually generates in the direction
of poling field and the residual polarization is stabilized by E 200
the space-charge. 2) It is supposed that re-poling increases
the amount of space-charge and the internal bias field. 0 ....
Space charge stabilized effects pay an important role Poled Rr 'rled via.aging Non-poled
against electrical depolarization and stress depolarization, trcatment after poling

and thus to improve mechanical performance, strength Fig.7 Compression strength of PZT samples
performance and fatigue resistance and so on. at varying the poling conditions.
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at T<Tc atT<T F1

.. ... .. .. , ... F .P p_
P7 + + +

Virgin samr-le Poling at T<Tc Aging treatment Re-poling via. aging
after poling treatment after poling

P: Residual EP Applied DC Ei: Internal bias
polarization field field

P•' Spontaneous
polarization

Fig.8 Schematic explanation for space-charge
effects and internal bias field.

Poin
Mechanical~ Pefomnco o'io02.3 E lectrical Properties and - 7

Mechanical Performance of Ba'FiO3 oln

In order to investigate the effect cf res;idual
polarization produced in the sample on the mechanical Strain gauge

performance, axial compressive tests were conducted both
in parallel and perpendicular to the poling directions as Q
shown in Figure 9. Strain gauges were mounted on the

samples in the two directions, parallel and transverse to the (a) Parallel to ithe liling dircction
loading directions. Thus, compressive modulus as well as
compressive strength can be evaluated.

As previously explained in Figure 2, the effect of [1
application of I)C field at the temperature above a Curie
point on the BaTiOi samples before ordinary poling is now'-n
discussed here. It was clarified from Figure 10 that such a
prior treatment in poling increases piezoccctric coupling
constant of the samples. In addition to this, Figure 11
suggests that the prior treatment could be effectively Strain gauge
working to sulppress the degradation of piezoelectric
properties under fatigue loading. Moreover, it should be Q
noted from Figures 12 and 13 that this treatment improves
the mechanical strength properties: compressive strength (b) Perpendicular to the poling direction
and compressive modulus.

Figures 12 and 13 also indicate that the axial Fig.9 Measurements of compressive strength
compressive strength and compressive modulus in parallel properties.
to poling direction are superior if compared with those in
perpendicular to poling direction. Figure 14 explains the 0.6
reason for this result. Residual tensile stress produced in
the sample through poling treatment probably contributes 0.5 0.451
to the difference of mechanical performance. It is quite 0.388
reasonable to consider that the residual tensile stress 0.4 -
occurred in parallel and opposite directions to external : 03.3L
load increases the fracture strength. Figure 13 suggests • J
that compressive modulus for the poled sampic is lower U 0.
than that for the non-poled sample. As pointed out in our .•

previous work [21-[4I, the failure mode of non-poled 0.1 -
sample in compression is typical transgranular fracture, 00
while intergranular fracture is mainly observed in the Poled Poled after prior treatment
poled sample. Therefore. grain boundary in poled sample
is supposed to be easy to slip, resulting in the lower Fig. 10 The effect of a prior treatment in polarization
compressive modulus in comparison to that in non-poled on the piezoelectric coupling constant of BaTiO3.
sample.

506



0."5 60 7

0 Poled •ithout pror treatment : 7
0 Poled after prior treatment s

0 0.4
" 40 34 9

4 ~20r-

0.1

0 1 2 3 Poled Poled Poled atter Non-poled

Number of fatigue cycles x x 10 ) (Parali•-. (Perpendicular prior treatment
to poling to poling (Parallel to

Fig. 11 Change of piezoelectric coupling constant with dilection) direction ) poling direction)
increasing fatigue cycles under a fixed cyclic stress. Fig. 13 Compressive modulus of BaTiO3 samples at

varying the poling conditions.

1000

800 - 749.6 752.7047
649.6 Residual tensile stress

600 /

400

200 L
- -,b.

Poled Poled Poled after Non-poled
(Parallel to (Perpendicular to Prior treatment
poling dilection) poling direction) (parallel to

poling direction)

Fig. 12 Compressive strength of BaTiO3 samples at
varying the poling conditions.

Fig.14 Schematic explanation for the direction of
3. Conclusions residual tensile stress occurred due to residual

polarization.
Mechanical and electrical properties of piezoelectric

ceramics have been investigated in the present paper with
the special emphases on the effects of poling conditions, constant of the samples. In addition to this, prior treatment
The materials used in the present study are the commercial could be effectively working to suppress the degradation of
piezoelectric ceramics, PbZrO3-PbTiO3 (PZT) and piezoelectric properties under fatigue loading and also to
BaTiO3. improve mechanical strength properties, compressive

This investigation led to the following conclusions; strength, compressive modulus and so on.

1. For the effect of applied voltage values in poling on the
piezoelectric constant and mechanical fatigue properties, it References
was revealed that fatigue resistance increases with
increasing of applied voltage in poling. (1I K. Okazaki and K. Sakata, Electrotechnical J. of Japan

7, 1, pp.13-18, 1962.
2. The electrical degradation process and mechanical [21 T. Tanimoto and K. Okazaki, "Mechanical properties
performance of the PZT samples are appeared to be the and fatigue of electronic ceramics", Proc. the 7th Korea-
most favorite when the poling of samples were performed Japan Seminar on New Ceramics 1990, pp.91-96.
by the third poling condition which means re-poling via [31 T. Tanimoto and K. Okazaki, "Reliability-based
aging treatment after poling. This phenomenon was consideration on the fatigue degradation process of
explained based upon space-charge stabilizing effects. piezoelectric ceramics", Jap. J.- Appl. Phys., Vol.30,

No.9B, pp.2410-2412, 1991.
3. The application of DC field at the temperature above a [41 T. Tanimoto, T. Yamamoto and K. Okazaki,
Curie point on the BaTiO3 samples before ordinary poling "Mechanical and electrical properties of piezoelectric
is very effective for the improvement of electrical and ceramics under repeated compression fatigue tests", Proc.
mechanical properties. It was found that such a prior 1990 IEEE 7th ISAF, 1990, pp.202-205.
treatment in poling increases piezoelectric coupling
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0-3 PIEZOCERAMIc-POLYMER COMPOSITES PREPAKED USING

THERMOPLASTICS AND ELASTOMERS

M.A. Williams, D.A. Hall and A.K. Wood

Materials Science Centre, University of Manchester and UMIST,
Grosvenor St., Manchester, U.K. M1 7HS.

Abstract

A number of thermoplastic polymers and elastomers an improved acoustic coupling to low-density media) and
are evaluated with respect to their use in 0-3 a lower dielectric permittivity, effectively raising the
piezoceramic-polymer composites. Materials were voltage coefficient and the figure of merit. Examples of
prepared by dispersing 50 vol% of pure lead titanate polymer systems already reported are chloroprene
powder within various polymer matrices, and rubber(7), epoxies(8l, polyurethanes(9), and polyethylene-
characterised by measurement of electrical resistivity, acrylic acid copolymers10). Thermoplastic polymers and
dielectric and piezoelectric properties, and by XRD. It is elastomers are of particular interest since, together with
shown that composites prepared using polypropylene can their associated processing technology, they offer a high
be poled efficiently and exhibit a reasonable piezoelectric degree of flexibility in processing and the possibility of
response. Further wvork on thermoplastic systems is producing tailored composite structures, for example
expected to yield useful materials which have distinct particle-oriented composites, which might exhibit
advantages over conventional thermosetting systems in piezoelectric coefficients approaching those of the 1-3
terms of flexibility in processing. type composites.

The major difficulty in the use of common non-polar
Introduction thermoplastics (such as polyethylene and polypropylene)

and elastomers (such as natural rubber) in 0-3
Composite materials have long been utilised as a piezoceramic-polymer composites arises in the poling

means of combining different materials to enhance process, when their relatively high electrical resistivities
particular chemical, electrical, or structural properties. One would effectively reduce the poling field which could be
well-known example is the combination of piezoceramics applied to the ceramic phase. According to the simple
and polymers to overcome the limitations imposed by two-layer model, the ratio of electric fields within the two
using homogeneous, single-phase ceramics alone. For phases of the composite is equal to the ratio of their
example, PZT exhibits only modest hydrostatic resistivities :
piezoelectric coefficients due to a relatively high E./E, =p. p, (3)
transverse coupling(1 ):

dh d, +2d, (1) whereE, = electric field in ceramic phase;

I EP = electric field in polymeric phase;
and, for PZT, d,: -2 d,, (2) pc = resistivity of ceramic phase;

In addition, the relatively high physical density of and p = resistivity of polymeric phase.

ceramics means that acoustic coupling into air, water, or if the polymeric phase has a higher resistivity (- 10 1 r10m)
human tissue is not straightforward, necessitating the use than the ceramic phase ( 108 Om)16 ) at the polingof relatively complex transducer designl2 ).thntecrmcpae(18m)6atteolg

Piezoceramic-polymer composites are a class of temperature, then only a small fraction of the appliedmaterials which effectively overcome these limitations and electric field will develop within the ceramic particles.matrias wicheffctielyovecom thse imiatins ndThe present study was carried out in order to
hence are found to be more responsive and versatile the sentastudy wa car ou indode
materials(3i. Such composites can be fabricated by several assess the suitability of a number of candidate
methods, for example embedding parallel piezoelectric thermoplastics and elastomers for use in 0-3rods of ceramic in a polymer matrix, producing a 1-3 type piezoceramic-polymer composites, with particular
compositerac by te rpolamine parocess, producing a 1-3ty emphasis being placed on electrical resistivity and its3-3 typcomposite(. Perhaps the mproesst atrauctive a variation as a function of temperature. Results will also becomposite from the point of view of ease of fabrication is presented for poling experiments carried out on selectedthe 0-3 type, comprising discrete ceramic particles composites and V-I measurements which revealdissed w3thn apolymeririx. Tiscetye ofra compostitles substantial departures from linearity in certain materials.dispersed within a polymer matrix. This type of composite

can be fabricated in a wide variety of forms, for example
thin sheets, extruded bars, fibres, and moulded shapes,
and has the ability to conform to curved surfaces. Experimental Procedure

For 0-3 type composites, it has often been found
that the greatest piezoelectric sensitivity is attained when Pure lead titanate powder was prepared by
the ceramic phase possesses high intrinsic hydrostatic conventional solid state reaction between lead(ll) oxide
coefficients. For example, the use of pure or modified lead and titanium dioxide (> 99%, Fluka Chemicals Ltd.). The
titanate gives substantial improvements over PZT(6). constituent oxide powders were mixed/milled for 4 hours

The properties of the polymer phase are also in propan-2-ol using zirconia grinding media, calcined at
important, since they result in a lower density (providing 900'C for 1 hour, and then milled for a further 1 hour to

C[13080-O-7803-0465-9/92$3.(X) ©IEEE S(N



break down any hard agglomerates. Results and Discussion
A range of polymers were chosen for the study, as

shown in Table 1. For the thermoplastics, the composites Electrical properties of polynmers

were prepared by mixing the polymer with the relevant The electrical resistivities of the thermoplastics
processing additives and the ceramic powder on a heated were all found to be >1010 Urm over the temperature

two-roll mill for 20-30 min., the processing temperature range investigated This would seem to indicate that

being slightly above the melting point of the relevant composites prepared using these polymers could not be

polymer (170 C for polypropylene, 130 C for effectively poled, since it has been noted previously that

polyethylene, and 110 C for the polyethylene-acrylic acid values - 107 108lm are necessary 112) However,

copolymer). A similar procedure was followed for the encouraging results have been reported previously for

elastomers, but in this case the two-roll mill was water- composites prepared using the polyethylene-acrylic acid

cooled and the cross-linking agents (sulphur in the case of copolymerl10) and so work on these materials was

natural rubber and zinc oxide ,or the chloroprene rubber) continued.
were added last in order to prevent cross-linking during Of the two elastomers investigated, the results for
the mixing process. In each case, the volume fraction of chloroprene rubber gave the clearest indication of
lead titanate powder was 50%. achieving the required resistivity at 60 C, as shown in

Table 1. Formulation and Processing Conditions for Fig. 1. Natural rubber exhibited a substantially higher

Polymers resistivity throughout the temperature range, falling to a
minimum value - 10 9 itm at 140 C. Since the level of

Polymer Additives Mixing Forming / Curing resistivity frr the natural rubber appeared to be a little
Temp. Temperature high, the work was extended to include carbon filled

Polyethylene- none 110 C 110 C materials prepared by blending natural rubber with a 50%
Acrylic Acid carbon-filled material which is commonly employed to
Copolymer improve the mechanical toughness of rubber-based

(Dow-Chemical products. The results for these materials, presented in
Primacor 3460) 1 Fig.2., show a substantial reduction in resistivity at 20

Polypropylene Stearic Acid, 170 C 170 C vol% of carbon and a shift from a negative temperature
Microcrystalline coefficient of resistivity typical of a semi insulator at low

Wax carbon-contents to a positive value at the higher carbon

Chloroprene Zinc Oxide, 40 C 160 C contents. From these results, a carbon content of 1 5vol%
I Magnesia should give a resistivity in the required range at 120 C.

Nawural Rubber Sulphur 40 C 160C C-
Poi• propy~ere

After mixing, the composites were pressed in a - - -

heated press at 10 MPa (the elastomers at a temperature - Ruober
of 160 C for 20 min., the thermoplastics at the F ChIoruprene
appropriate mixing temperature for 2 minutes), followed 0
by cooling to room temperature at a rate of 15 C/min. -

Flat, square sheets of the composites were produced -;

measuring 160 mm x 160 mm and having thicknesses in "•
the range 0.5-2 mm. Test specimens were cut from the &- -

pressed sheets and electrodes applied using air-drying 01
silvar paint (Acheson Electrodag 915). -

Electrical resistivity measurements were carried out

as a function of temperature on circular specimens having -. ...
a diameter -55 mm, using a three-terminal guarded Temperature VC
electrode configuration. The app!ied electric potential for Fig. 1. Resistivity vs. temperature for chloroprene rubber
these measurements was 6 Volts, giving an electric field and natural rubber.
- 5V/mm, and the heating rate was 1 C/min. In addition,

two-terminal V-I measurements at high fields (- lkV/mm) Electrical properties of composites
were made using a high voltage amplifier (Chevin Resistivity measurements carried out on the
Research HVA1 B) and a current-voltage converter with composites at low field levels, presented in Fig.3., gave
protected inputs. In this case, the specimen was held in a some unexpected results. It was generally found that the
heated silicone oil bath at temperatures from 60-1 20 C. composites exhibited a reduction in resistivity with
Poling experiments werr carried out in the same increasing temperature, in line with results obtained for
apparatus, with specimens being subjected to the the polymers alone. However, in some cases the absolute
appropriate poling field and temperature for the required values of resistivity for the composites showed
time (15-120 min.) and then cooled under field to a substantial shifts (both positive and negative) relative to
temperature of 40 C. those of the polymers.

The degree of poling achieved was characterised The resistivity of the chloroprene rubber composite
by scanning over the (001) and (100) peaks using a was approximately an order of magnitude higher than that
Philips PW1 380 X-ray diffractometer and by piezoelectric of the rubber alone throughout the temperature range of
measurements made using a custom-built d 3 3 -meter. interest. It is common practise to include a small amount
Dielectric properties were measured at 1 kHz using a of a basic oxide (such as magnesia) in the formulation of
Hewlett-Packard 4284A LCR-meter. a chloroprene rubber in order to reduce the residual



concentration of chloride ions. If the conductivity is poling should be possible. Poling studies for the two
attributed to the presence of chloride ions, then it is elastomeric composites gave a good correlation with the
possible that the lead titanate powder might function in a high-field resistivity measurements in that the carbon-filled
similar manner to magnesia, resulting in the observed natural rubber composite was more easily poled than the
increase in resistivity for the composite. chloroprene composite, as shown in Fig.5 and Fig.6.

Dielectric and piezoelectric measurements for these
composites are presented in Table 2. It is likely that the
chloroprene composite would be more efficiently poled at
higher field levels (- 10 kV/mm), and that the

0- piezoelectric properties would then be closer to the values
reported previously(7.

=A
'j,

ýM

-4

Terperature !VC .- ./ - • 7 kV/mr

Fig. 2. Resistivity vs. temperature for various carbon-filled
natural rubbers.

/ .-.... 5 KV'Mr

--- ' ' - Standard
.L: Ch oro(drene

2 e oeg

Fig. 5. XRD results for poling study of chloroprine
composite (temperature = 120 C, time 15 min.)

0__J

Terrpera'ure C.

Fig. 3. Resistivity vs. temperature for composites -. - - - 7
prepared with bO vol% lead titanate.

Polypropiylene

Rubber

- Chicroprene -staroc

0
". 2e ,dg

Fig. 6. XRD results for poling study of carbon-filled natural
rubber composite (temperature = 120 C,
time = 15 min.)

0)

The polypropylene-based composite showed a
pronounced reduction in resistivity with increasing
temperature to a value - 10 70m at 120 C (Fig.4), in

E / kV/mr marked contrast to the results obtained for the polymer
Fig. 4. Resistivity vs. electric field for composites alone, which indicated a value >10 10 0m up to 140-C

prepared with 50 vol% lead titanate powder. (Fig.1l). It is likely that this reduction in resistivity relative

The introduction of lead titanate powder into the to the polymer is a result of the presence of a small
carbon-filled natural rubber had little effect on the amount of moisture in the composite, introduced via the
resistivity, giving values - 1 0 90m at 100C which would surface of the ceramic powder. It was noted that the
normally be considered to be above the range required for resistivity of the composite was increased substantially
poling. However, resistivity measurements carried out as after drying the specimen for 60 min. at 140 C.
a function of electric field strength (Fig.4) showed that Further work showed that the resistivity of the
the resistivity of this composite was remarkably reduced polypropylene-based composite was reduced by
at electric fields greater than 3 kV/mm, indicating that approximately an order of magnitude at high fields (Fig. 4)
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and that efficient poling of the material was possible, as for use in 0-3 piezoceramic -polymer composites, since the
shown in Fig.7. It was found that the degree of poling, as correct resistivity balance must be achieved in order to
measured by the relative intensities of the (001) and enable poling of the ceramic phase'6 17. In the present
(100) peaks, increased in a predictable manner as a work, it was found that the electrical behaviour of the
function of time, temperature, and poling field. The composite is not always a true reflection of that of the
piezoelectric coefficients obtained for this material to date polymer, since the introduction of the ceramic powder can
are fairly low, being reduced by a factor of 3 relative to have a marked effect on electrical conduction through the
comparable epoxy-based materials(1 2 ). It has yet to be polymer matrix. This was particularly pronounced ior the
determined whether this is a result of the elastic lead titanate-polypropylene composite, which exhibited a
properties of polypropylene (being a relatively high resistivity of 10 7 0m at 120 C, approximately 4 orders of
modulus polymer) which might give a less efficient magnitude lower than that of the polymer alone. In this
transfer of stress, or of a non-uniform distribution of case, the reduction in resistivity was attributed to the
polarisation through the thickness of the material (since introduction of a small amount of residual moisture into
only the surface region is analysed by XRD). the composite. The relatively low resistivity of the

polypropylene-based composite enabled poling and
Table 2. Dielectric and Piezoelectric Properties of poyryln-bsdcmsie naed oigad
Tables 2 l ieetric and Piezoelecti Ptittes andpofed at allowed the production of an active piezoelectric material,

h0 Cfor ld titanae aalbeit with relatively low piezoelectric activity. The results
1 20 C for 15 min.) reported here for polypropylene indicate that it may be

a 6possible to produce piezoelectric composites using a wide
Composite I.D. Poling Field Er tan 6 d 3 3  g 3 3  variety of other non-polar polymers which have previously

(kV/mm) (pC/N) (pC/N) not been considered suitable on the basis of their high

Chloroprene 5 30.0 0.059 3 11 electrical resistivities. Thermoplastic polymers in particular
7 30.7 0.055 4 15 offer benefits in terms of processing (for example, they
9 30.0 0.055 6 23 are well-suited to complex forming operations) and may

15% Carbon 5 24.0 0.037 4.5 21 exhibit characteristics complementary to those of the
Rubber currently-preferred epoxies or chloroprene rubber.

7 24.4 0.037 7 32 It was also found that certain composites (notably
8 24.2 0.035 8 37 those prepared with carbon-filled natural rubber and

Polypropylene 5 19.53 0.046 6 35 polypropylene) exhibited pronounced non-ohmic behaviour
7 18.33 0.046 10 62 at high electric field strengths, which was of further
9 16.56 0.039 12.5 85 benefit in allowing the required resistivity balance to be

achieved. It can be concluded that the suitability of a
given polymer for use in 0 3 piezoceramic-polymer
composites can only be fully evaluated by carrying out
resistivity measurements on the composite as a function
of temperature and electric field strength, since low-field

_' '•-.-----.- -_ - * .ieasurements on the polymer alone may give misleading
A esults.

__.__ • / •-•- .-* ' • 7 kV/inr-
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ABSTRACT
nominal composition

Fine grained Sm-modified lead titanate ceramics, ( Pb .s , Sm o )( Ti 0 , Mn j(j ) 0
prepared from hydrothermally processed powders, have been werc prepared from powder that was hydrothermally
microstructurally characterized by quantitative stereology. processed, at 290'C, by a recently developed method [41,
The poling field dependence of their dielectric permittivity suitable for large scale production of submicron size
and losses, and electromechanical and elastic properties particles. The powder was dry pressed and sintered at 1050,
determined by the resonance method, has been obtained and 1100, 1150 and 1200'C for 2-3 h.
compared with that of Ca-substituted titanates. In addition, XRD and SEM techniques were used to study the
the results are used to evaluate the influence of grain size on microstructures of these ceramics. The porosity and grain
the behaviour of the electromechanical properties with the size distribution were measured by computerized image
poling field. This behaviour is considered to determine the analysis by a semiautomatic process 151 using SEM
most appropriate conditions for the production of ceramics micrographs, obtained from polished surfaces, and polished
for high frequency applications, and thermally etched surfaces, respectively. The analysis

involved four steps, which required specific operations for
INTRODUCTION each measured parameter. First, a processing of the gray

level image (SEM micrograh) was performed to allow the
The microstructure is a factor of particular importance second step: the binarization of the image. This was made

that determines the performance of ceramics in high by manually setting thresholds for the gray levels. As a third
frequency applications. For example, the damping of the step, a processing of the binary image was carried out and,
planar mode of resonance of thin disks of Ca-modified lead finally, the measurement procedure took place. The
titanate was only observed [1] in ceramics whith remanent equivalent diameter to a circular shape has been chosen as
porosity. Modified lead titanate ceramics has been the parameter to quantify grain sizes. This is defined as
considered interesting [21 to be used in surface acoustic
waves (SAW) devices. In this application severe limits to the
potential use of the ceramic are imposed on the grain size in For the dielectric and piezoelectric measurements, thin
order to minimize propagation losses due to the scattering by discs with, typically. 0.5 mm thickness and 13 mm diameter
grains [3]. In addition to fine grain and high homogeneity, were prepared by cutting and grinding the sintered pellets.
low dielectric permittivity and losses are required for a Silver paint electrodes were then fired onto the largest faces.
ceramic to be used as a SAW substrate. However, the The samples were poled at 1300 C with increasing electric
requirements are not so strong for bulk high frequency fields until breakdown. After each poling treatment, the d3,
applications. piezoelectric coefficient, the dielectric permittivity and losses

The purpose of this work is to determine the variation, as at I KHz were determined. Electromechanical and elaltic
a function of the poling field, of some dielectric, elastic and parameters were measured by the resonance method
electromechanical parameters of fine grained Sm- modified according to IEEE Standards 161.
lead titanate ceramics with well characterized
microstructures, obtained by changing the sintering RESULTS
treatment. The relations observed between the properties of
the ceramics with the microstructure and poling field will The lattice parameters, tetragonal distortion and
give a guidance for the selection of the most appropriate theoretical density of the ceramics were determined from
ceramics for such applications, their XRD patterns. The values obtained , c= 4.05 A,

a= 3.89 A , c/a= 1.041 and p = 7.83 g.cm' , were the
EXPERIMENTAL PROCEDURES same fbr all the ceramics, regardless of their sintering

conditions. The presence of a small amount of unreacted
Samarium modified lead titanate ceramics of TiO, was observed in the XRD patterns of all the ceramics.
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Table I

sintering hirsity Piorc Gramii
conditilns ( % I Arca Site

(tt I11(J{pi11

1050°C-3h 13.7 0.92 056

1 100°C-3h 8.9 5.51 0.64

I1S50*C-2)i 7.6 15.26 0.81

1150°C-3h 7.3 18.21 0.81

1200*C-21i L 0.4 61,96 1.471 , I

Table 1. shows the percentage of porosity and the average Figure I. SEM micrograph oft k.:aniiýn ,inteted at
pore area and grain size resulting from each sintering I 100°C-3h.
condition. In addition to these results, image analysis on 6-11111,
micrographs of the polished samples revealed that the
percentage of TiO. did not depend on sintering conditions.

From the values of the pore area in Table I, it Is
observed that the sintering conditions did not only modify
the percentage of porosity, but also the size of the pores.

Figures I, 2 and 3 show micrographs on polished and
thermally etched surfaces ol ceramics sintered at 1100, 1150%

and 1200'C, respectively.
The grain size distributions obtained by image analysis o1

these micrograhs are shown Ii Figure 4.
Results in TFable I and Figure 4 reveal a displacement to

higher average grain size and wider distributions as sintering ,
temperature increases. The distributions are remarkably P-V h" "
narrow for ceramics sintered at 1050 and 1100' C. For the Figure 2. SEM micrograph of ceiamnic sintered at
ceramic sintered at 1200 0 C the width of the distribution I 150°C-3h.
suggests a tendency to a bimodal character.

To determine the poling temperaw:re required, the
dielectric permittivity as a function of the temperature, and
the coercive field were measured on samples sintered at
I 150°C-2h. The ferroelectric transition temperature is
319'C and the coercive field is 42 KV.cm' at 130'C.

Breakdown of the ceramics was found to occur at a poling
field of 80 KV.cmI, except 1br the ceramic sintered at
1050°C-2h, which suffered breakdown at 70KV.ci 1.

The values of the dielectric, elastic and electromechanical
parameters measured are given in TFable 11 for a poling field
of 70 KV.cmn' and for each sintering condition. The changes
in d., and K, are rather small and do not show any obvious
correlation with the sintering temperatures. On the contrary,
the dielectric permittivity, K, , and the frequency constant its
for the thickness mode, N, , increase to a maximum at Figure 3. SEM micrograph ot ccianin sintered at
1150 0 C and then decrease, whereas the elastic compliance, 1200°C-2h.
s E , has a minimum at 1150'C.

The variation of these parameters as a function of thie The d,, and K, coelficicnts illC ease \MhaIplv tip to a poling
poling field was not tound to be dependent on the sintering field of 40 KV.cin , wVlich is IhSe in, ItIH coercive field.
conditions and it can be described as follows. Little increase of' these cetIL mienl'e \'oS , tolmlld ahove this

As expected, a continuous decrease with the poling field field.
is observed for the dielectric permittivity for all the The frequency constant It)l the thick ne-,S mode sho\ks a
ceramics, small decrease ( < 5 • ) as the poling tield inctea;ses.
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Table 11 Relative Frequency

eintering Kr•ll E d$ N, K,16
polpCI/N KHA mm

befor poled X0 . 14

poling - -/N

1050WC-3h 176 147 II 11 57 1 1880 42 1 1-10 I - "

I 100"C-3h 211 W8 7.9 55 2161 46

Ii50-C-2h 224 194 7.4 56 2285 42

I150C-3h 216 187 74 54 2309 40

1200'C-2h 196 171 84 53 2129 44

The behaviour of the dielectric losses as a function of the 0 --.
poling field for ceramics sintered under different conditions 0 .o 2.0 3.0
is shown in Figure 5. Increasing losses and a sharper
variation with the poling field are found as the sintering a: 1100 - 3 h

temperature increases.
The change of the planar coupling factor with the poling Relative Frequency

field, Kp , is presented in Figure 6 for different sintering 16 -

temperatures. The ceramics sintered at 1050, 1100 and
14 -

1150°C (2h) showed an increase in the K. value with the
poling field up to 40 KV.cm', when saturation is achieved. 12 1
However, for ceramics sintered at 1 150'C (3h) and 1200 0 C, 0-
K.1 reached a maximun at 40 KV.cm' and showed a
tendency to decrease with further increases of the poling a-
field. Ceramics sintered at 1050 and 1200°C have the lowest
K, values.

41

DISCUSSION AND CONCLUSIONS
2,

X RD results show ed that there is no change in the crystal 0 -- ------
structure of the ceramics with sintering conditions. 0 1.0 2.0 3.0
Therefore, the differences observed in the variation with the
poling field of the dielectric, elastic and electromechanical b: 1150 - 3 h
parameters or in their saturation values can only be ascribed Relative Frequency
to the differences in the ceramic microstructures determined 16 -
by the sintering conditions.

The d, and K, saturation values compare well with those 14 -

in the literature for similar compositions 12,71. Neither their 12
saturation values nor their evolution with the poling field
show any obvious microstructural dependence. 10

From the results of the percentage of porosity (Table I)
and of the dielectric permittivity, T elastic compliance,
SE1 , and frequency constant, N, , (Table 11) as a function of
the sintering temperatures, the dependence between them is 4
clear. The higher the percentage of porosity, the lower the
values of K.,3 and N, , and the higher the values of s', I
regardless of pore size. 0 227"

The influence of porosity masks the expected 131 increase 0 1o 2.0 3.0
of dielectric permittivity with decreasing grain size.
However, again, the comparation of the results in Tables I €: 1200 - 2 h
and I1, taking into account previous results for ceramics with Figure 4. Grain size distributions for ceramics sintered at
grain sizes from 1 to 10 tm 131 , shows that grain Eize (a)I 100°C-3h, (b) I 150'C-3h and (c) 1200'C- 2h (x-axis:
seems to be the main factor affecting dielectric lossts. The grain size in um).
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Figure 5. Dielectric losses as a function of the poling Figure 6. Variation of Kr with the poling field tor
field for ceramics sintered under different conditions. different sintering conditions.

0.025 7 0

0,020 O1OC - 3 h ',
-,C] OC- I I,' OC - 3 h 50"
-c•u\ 1 150°*C - 3 h"i~x O00O(•I I ! 50°C _2 h " tr

0015 124-4-+ -.- n.. - 4' -
.. ' 4,I 0 +[].a a / 0 -,"

S3070010 P

S-Q-. -a- - - 20 1050. ", ,xxKciO10 C - 3 hh5 0.005 -0 0 T-- - -.. ,/ /[I]l 1:: 1100°C - 3 h
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00000 1+ 1 50'C - 2 h
++ i+ 1200°C - 2 h

0 000 0.0 --

0 6 150 30 405 '06 7'0 80 0 10 20 30 4'0 ' 5 0 6E0 '70 80
Ep (KV.cm-') E[ (KV.cm-1)

lower the sintering temperature, the lower the grain size and ceramics have smaller average grain sizes together with
the dielectric losses. narrower distributions. As the average grain sizes increase

It can also be seen (Figure 5) that the decrease of the and distributions become wider, the behaviour tends to be
dielectric losses as the poling field increases is higher the that reported for coarser grain ceramics.
higher the grain size. In summary, it has been examined the dependence with

It is remarkable that when poled to saturation ( E, > 40 the sintering conditions of the properties, and, also. of the
KV.cm' ) all the ceramics have tanb < 0.010. This is a low change of these properties with the poling field, of fine
value for most high frequency bulk transducer applications grained Sm-modified lead titanate ceramics. Grain size
and, when combined with the small grain size, suggests that effects in the behaviour of Kp, and tanb and appropriate
these ceramics may also be suitable for applications as overall properties tor high frequency applications of these
substrate in SAW devices, ceramics were found.

The values of the planar electromechanical couplingfactor, K p, also show a dependence on the percentage of ACKNOWLEIDGEME•NT'S
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Precursor powders of both alkaline-earth and rare-earth small lateral or planar mode coupling coefficient allowing a
doped lead titanate based ceramics have been synthesised width-to-thickness ratio of the transducer element to be
using an attrition milling process. The influence of dopants greater than one (w/t > 1). The large planar mode coupling
and powder processing parameters on the sintering, micro- factor in PZT restricts the width-to-thickness ratio of the
structure, dielectric and piezoelectric properties of the transducer element to be less than one (w/t < 1) in order to
products is discussed. prevent lateral vibrations from affecting the acoustic beam.

This restriction makes it difficult for PZT ceramics to be used
for high frequency array transducers. This dimensional

INTRODUCTION limitation and also difficulties in machining plates into a large
number of small elements, limits the operating frequency of

Piezoelectricity describes the phenomenon of generation commercially available array transducers to the 5MHz region
of an electric charge in a substance which is directly (4-5).
proportional to the applied mechanical stress, conversely,
the application of an electric field produces a proportionate The sinterability of lead titanate has been shown to be
dimensional change in the material. This phenomenon was improved by doping with a variety of alkaline-earth and rare-
first discovered in 1880 by J. and P. Curie during their earth oxides (6-13). The sintering temperature can also be
systematic study on the influence of pressure on the reduced by adding transition metal oxides along with
electrical response of a variety of crystalline materials, tungsten oxide as a mineralizer. Furthermore, the addition

of MnO increases the insulation resistance and improves the
Initially only snl crystal materials, e.g., quartz, rochelle sinterability and poling response of the material.

salt, triglycine sulphate etc., that lack a centre of symmetry
in their crystal structure were considered to exhibit This improved sinterability of doped material has resulted
piezoelectricity. The non-centrosymmetry in the crystal in lead titanate becoming a practical poycrystalline piezo-
structure is an essential feature for piezoelectricity to occur. electric for a variety of transducer applications, especially at
However, since the pioneering work of Gray (1) and Roberts the higher frequencies where the resolution necessary for
(2) who showed that piezoelectricity can be induced in pgjy- the detection of subsurface microflaws is crucial if advanced
crystalline barium titanate ceramics under the influence of structural ceramic components are to be used extensively in
high d.c. fields, and the subsequent discovery of applications such as in high temperature gas turbines and
piezoelectricity in solid solutions of lead zirconate-titanate internal combustion engine parts. This would require
(PZT) by Jaffe and co-workers (3), a variety of poly- development of transducer materials that can operate at
crystalline materials have also been shown to exhibit frequencies of 100 MHz or higher. At present, no such
piezoelectricity. transducer element is commercially available. A number of

lead titanate based compositions are therefore being
Recently, poly-crystalline lead titanate has been the developed by the authors.

focus of much attention for various device applications.
Lead titanate is a ferroelectric material having a perovskite This paper describes the effect of processing parameters
structure similar to barium titanate. The main features of this on the sintering, microstructure, dielectric and piezoelectric
ceramic include: 1) an order of magnitude lower dielectric properties of lead titanate based ceramics containing
constant (-200) compared to barium titanates and PZT alkaline-earth and rare-earth oxides as major dopants.
ceramics, 2) a high Curie point of about 500'C, 3) an almost
negligible aging effect on the dielectric constant and 4) a
large difference between the thickness coupling coefficient MATERIALS AND METHODS
(K,) and planar coupling coefficient (Kp). The disadvart.iges
are, 1) poor sinterability due to a large anisotropy in the The following is a list of the intended elemental
crystal structure (large c/a ratio), 2) inhomogeneities in the composition of the powders:
microstructure caused by the volatilization of lead oxide at
high sintering temperatures and 3) severe poling conditions Powder Composition
required to induce piezoelectricity in this material. However,
the advantages outweigh the disadvantages, and this D1 Pb 765Ca.24(Fe03Wo3Mno0 15 Ti.97)0 3
material is considered to be promising for high temperature, D2 Pb 8Na 24(COo0 2w02Mn.02Ti.97)O 3
high frequency device applications, e.g., transducer D3 Pb .5Na.,(Co 02W2Mn oTi 97)03
elements for (ultrasonic) non-destructive testing devices, D4 Pb.8oCe,(Co 02W02Mn02Ti97)0 3
medical diagnostic apparatus, hydrophones etc. Compared
to PZT ceramics, lead titanate based ceramic array A schematic diagram showing various processing steps
transducers can be operated at higher frequencies, thus involved for the production of modified lead titanate based
providing better image resolution. This is due to the very materials is given in Fig. 1.
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Powders were prepared trom high purity commercial raw RESULTS AND DISCUSSION
materials in the form of oxides or carbonates Initially they
were dry mixed in a rotary tumbler and then subjected to X-ray diffraction (XRD) patterns of powdered samples of
attrition milling. Batches of powder weighing 300-400 g were the oxides and carbonates that were mixed and attrition
placed in a 1 L attrition mill containing high purity zirconia milled together showed a (perovskite) PbTiO 3 structure after
milling medium (spherical, 3 mm diameter). Water was used calcination between 80C0 and 90C'C. Only in some cases
for the slurry along with 055wt% of the deflocculent 'Darvan were trace amounts of unreacted oxides/carbonates or
C'. The slurry was attrition milled for two to four hours and other unidentified phases detected at these temperatures.
the slurry was spray dried using a Buchi model 190 mini Heat treatment above 1 000'C produced single phase PbTiO 3
spray drier with an inlet temperature of z200"C and an outlet materials. Typical XRD patterns are shown in Fig. 2.
temperature of ;:125°C.

The powder (50- 1Og batches) was placed in a zirconia
crucible, covered with platinum foil, and calcined in a muffle
furnace between 800' and 1000"C for 2 hours.

The calcined batches were re-attrition milled for 2 hours
as described previously, to break up any agglomerated
particles, and dried by filtration or vacuum evaporation.

Dry Mix

Wet Attrition Mill

Spray Dry

Calcine Fig 2 XRD Patterns of D1 Powders

I , Calcined at (a) 800'C and (b) 1050'C.
Re Attrition Mill

I

Form
The diffraction patterns clearly showed the effect of

Remove Binder dopants on the d-spacings of the material. Unit cell volumes
-I and tetragonality (c/a) were calculated by indexing the

Sinter Jdiffraction patterns and obtaining "a" and "c" values using a
lattice parameter calculations program developed at

Fig 1 - Synthesis and Processing of PbTiO 3  CANMET. Theoretical densities calculated using lattice
parameters were useful in determining optimum sintering

The powders were pressed into 19-mm diameter pellets conditions. Sample densities were calculated from the
each weighing between 3.5 and 4.0 g. Enough powder to masses and dimensions of lapped, polished pellets.
make 2 pellets was mixed with 5wt% of a 20wt% aqueous Densities measured by Archimedes method were 2-3%
solution of the binder polyvinyl alcohol (PVA). The powder larger than calculated values. The former procedure was
was placed in a lubricated (2 machine oil:1 kerosene) die followed because the buoyancy method is not
and pressed at 138 MPa for 30 seconds in a hydraulic recommended for objects weighing less than 50 g (ASTM
press. C373-72). Data from the XRD studies, optimum sintering

temperatures and observed densities for the above

Before sintering, the PVA was removed by heating the compositions are summarised in Table. 1. The cell
pellets in an oven at 5°C/min to 300'C and holding for 1 tetragonality and theoretical density of undoped lead titanate
hour, followed by raising the temperature at 15°C/min from is also given. All sintered materials had densities that were
3000 to 600°C and holding for 2 hours. 92% theoretical or better. The optimum sintering

temperatures and densities of the materials appear to be
The pellets were sintered in an electrically heated influenced by the sample composition. Sample D4 exhibited

furnace at 15°C/min to 600'C and then to their respective the highest sinter densities. The high soda content may be
sintering temperatures at 5°C/min. responsible for the observed low sintering temperatures of

D2.
Sintered pellets were parallel lapped with water slurry of

600 mesh silicon carbide grit to ensure the two faces were Table 1. Tetragonality and Density of Various Samples
parallel. Dry polishing with 2/0 and 3/0 SiC-coated paper
on a rotary polisher gave a smooth surface for electroding. Powder c/a Theoretical % theor. Sinterlng

Density Density Temp.(0 C)
Silver electrode paint (Dupont #4731) was applied to (g/cc) (g/cc)

each face, the pellet was allowed to dry and then heated at
15'C/min to 660°C and held for 15 minutes. The pellets D1 1.042 7.269 95.20 1150
were allowed to cool to room temperature and a second D2 1.039 7.686 92.17 950
coat applied by repeating the aforementioned process. D3 1.045 7.955 94.80 1050
Details of the dielectric and piezoelectric measurement D4 1.028 7.492 96.50 1050
system and methods are described in another paper of this PbTiO 3 1.065 7.971 -

proceedings volume (14).
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The c/a ratio for doped materials is significantly lower content. An EDX analysis of the polished D2 specimen
compared to pure lead titanate. The lower c/a ratio is a revealed a sodium deficient PbTiO3 type matrix and sodium-
desirable feature as the materials showing less tetragonality rich, lead-deficient glassy inclusions.
are less susceptible to thermal shock. The explanation for
this is that large differences in lattice dimensions result in Results from the dielectric and piezoelectric property
large differences between the rates of thermal expansion measurements are given in Table 2. An examination of the
along different axes. These differences set up mechanical data indicate that both dielectric and piezoelectric properties
stresses that result in macro or micro cracking of the of the sintered discs are strongly influenced by the powder
ceramic body while cooling through the Curie temperature. compositions. Sodium ion doping (samples D2 & D3)
The large anisotropy in the crystal structure is the reason resulted in an increase in the materials conductivity and the
why pure PbTiO 3 will not sinter and must be doped in order dielectric loss factor (tan 6). Compared to D1 & D4, the
to obtain a useable product. Lowering of unit cell conductivity increase and dielectric losses were significantly
tetragonality has also previously been reported (7-13) for
other doped lead titanates.

Ate
The above compositions also exhibited a narrow

temperature range where the materials could be successfully i 'W 0,

sintered to high densities. A variation in sintering ,
temperatures of 100'C profoundly affected the sintered
densities. For example, sample D1 sintered at 1075°C ,.
produced poorly sintered/porous material (density= 87% of , o ,
the theoretical value), whereas heat treatment to 11500C L
resulted in a well-sintered material (density > 95%) having a ' ' ,' " ii:

uniform microstructure. Above 1200'C, lower densities (< n
90 %), exaggerated grain growth and both micro- and -, ,
macro-cracking of the sintered specimens was observed" _

Fig 4 -SEM Micrographs of FracturedSSurfaces.

Fhigher in samples 2 & D3 near the poling temperature
S(=120'C). The lower resistivity and higher losses made it

impossible to electrically pole or induce piezoelectricity in
"these two materials. Even at small poling fields (; 5 kV/cm)
these samples experienced electrical breakdown. An

46 icreae insodacontent (D2 vs 03) also seems to promote
an increase in the dielectric constant. For piezoelectric

Table 2. Dielectric and Piezoelectric Properties

Property Composition

D1 D2 D3 D4

i 25C 235 326 211 322
g120rC 404 549 401 555
Tan6 @25-C 1.4x10 2  1.5x10 1  6.3x10 2  6.3x102Fig 3 - Effect of Overfiring (1200°C) on Tan6 @ 120'C 2.9x10"2  5.2x10. 4.3x1O1  1.101

sample DI. Oa 25CC ( 18-cn)" 1.8x10i 2.6x10a 8.0x10o 1.1xlo 0

oaw 120TC (n-cm)-' 6.5x109 1.3xlo7 1.2x10-7 3.0x10e
Sample composition also appears to have an effect on the Curie Temp 'C 250 290
fracture behaviour of the materials. Sintered discs made K. 0.049 0.12
from powders D1 and D4 displayed inter-granular fractures K 0.51 0.31
and fine microstructure (1-4 pm size particles), whereas, Om 71 321
samples D2 and D3 predominently exhibited intra-granular Np (Hzim) 2680 283D
fracture behaviour (Fig.4). This could be related to the N1 (Hzim) 1910 2225
presence of a second phase observed in samples D2 and d33 92 78
L ,n , that t-. to "b , :,-., 7 re. The glassy phase
was more easily detected for D2 having a higher soda
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property measurements, samples were poled at hign elecLric REFERENCES
fields of =40kV/cm for a period of 10 minutes in a silicon oil
bath kept at temperature of 1 10 C. The Curie temperatures 1. Gray, R.B "Transducer and Making of the Same"; U.S
were determined from the dielectric constant vs temperature Patent, 2,486,560, Nov.1, 1949.
plots. The Curie temperatures for cerium-doped samples (D4) 2. Roberts, S. "Dielectric and Piezoelectric Properties of
are a little higher than D1 suggesting a slightly larger useful Barium Titanate"; Phys. Rev. 71 850-855, 1947.
transducer operating temperature range for D4. However, the 3 Jaffe, B., Roth, R.S. and Marzullo, S. "Paczoelectric
superior piezoelectric properties (i.e. KP, K, , Q,, d,) and the Properties Of Lead Zirconate Titanate Solid-Solution
large anisotropy in electromechanical coupling factor (KN/Kp Ceramic Ware"; J. Appl. Phys. 25:809-810, 1954.
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frequency linear array transducers. The dielectric and 4. Takeuchi, H., Ishikawa, Y., Yamamoto, E. "A 7,5 MHz

Linear Array Ultrasonic Probe Using Modified Lead
piezoelectric properties of D1 samples are comparable to Titanate Ceramics'; Proceedings of the IEEE Ultrasonic
those reported by Yamashita et. al. (12) for Ca doped lead Symposium, San Diego, CA. Institute of Electrical and
titanates. Electronic Engineers, pp. 849-853; 1982.

5. Honda, H., Yamashita, Y. and Uchida. K. "Array
Transducer Using Modified Lead Titanate Ceramics";

CONCLUSIONS ibid., pp. 845-848.

Compared with pure lead titanate, modified lead titanates 6. Ueda, I. "Effect of Additives on Piezoelectric and Related
having alkaline-earth and rare-earth oxides as major dopants Properties of PbTiO 3 Ceramics"; Japanese J of Appl.

exhibit lower crystal tetragonality (c/a ratio ref. Table 1). Phys. 11(4)A50-462; 1972.

Similar results have been previously reported for other 7. Ikegami, S., Ueda, I. ano Nagata, T. "Electromechanical
modified lead titanate compositions(7-13). The data in Table Properties of PbTiO3 Ceramics Containing La and Mn";

1, also suggest that, with the exception of D2, these materials The J. Acoust. Soc. of America 50(4) (Part 1): 1060-1066;
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soda content appears to promote the low densification in D2. 8. Duran, P., Fadez Lazano, J.F., Capel, F. and Moure, C.
SEM micrographs and EDX analysis have revealed soda-rich, "Large Electromechanical Anisotropic Modified Lead
lead deficient inclusions that may be responsible for the Titanate Ceramics"; J. Mater. Sci. 23:4463-4469; 1988.

observed low density of this material. SEM studies also 9. Ueda, I. and Ikegami, S. "Piezoelectric Properties of
indicate composition dependent fracture behavior. Samples Modified PbTiO 3 Ceramics", Jap. J. Appl, Phys. 7(3):236-
DI and D4 exhibit inter-granular fracture whereas D2 and D3 242; 1968.
displayed intra-granular fracture. These materials also 10. Yamashita, Y., Yoshida, S. and Takahashi, T. "Effect of
demonstrate a fairly narrow temperature range for MnO Additive on Piezoelectric Properties of Modified
densification. A mere 100'C variation from the optimum (Pb,Ca)TiO 3 Ferroelectric Ceramics", Proceedings Of the
sintering temperatures appears to have adverse effects on 4th Meeting on Ferroelectric Materials and Their
both the sample density as well as its microstructure. Applications, Kyoto, 1983; Jap. J. Appl. Phys. 22:
Although sample D4 had the lowest c/a value of 1.028 Supplement 22-2, pp.40-42, 1983.

exhibited the highest density, no direct correlation between 11. Ahmad A, Wheat, "I.A., Kuriakose, AK., Quon, D.H.H.
the sample density and unit cell tetragonality can be and Berry, R. "The Effect Of Processing Parameters on
determined from Table 1. The Properties of Modified Lead Titanate"; Division

Report MSL 88-19(OP), CANMET, EMR, Canada; 1988.
Both the dielectric as well as piezoelectric properties in 12. Yamashita, Y., Yokoyama, K., Honda, H. and Takahashi,

these materials are strongly influenced by the sample T. "(Pb,Ca)((Co1 /2WI 2) ,Ti)O,) Piezoelectric Ceramics and
composition. Doping with sodium ions produces more Their Applications"; Jap. J. Appl. Phys. 20 (Supp. 20-
conductive and lossy material resulting in electrical breakdown 4):183-187; 1981,
of the samples during the poling process. Of all the materials 13. Ahmad, A., Besso, K., Chehab, S.. Wheat, T.A. and
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MICROSTRUCTURAL, DIELECTRIC, PIEZOELECTRIC AND PYROELECTRIC
PROPERTIES OF CHEMICALLY DERIVED MODIFIED LEAD TITANATE
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S. Sherrit and B.K. Mukherjee
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Chemical co-preciptation and gel processing tchrniq have EXPERIMENTAL PROCEDURES
been used to synthesize precursor powders of a modified lead
titanate composition. The effects of powder processing parameters Precursor powders were prepared by a gel-process and a oD-
and sintering conditions on the microstructure and dielectric, precipitation route and also by a conventional attrition rrnling
piezoelectric and pyroelectc properties of the products are process. Powders were calcied in air at 750CC for two hours.
discussed. A comparison is made between powders and products Green discs 1.3 cm in dianeter were formed at -25,000 psi and
made by conventional attrition milling process and those produced sintered at 1050CC for three hours. Coarse powder of the same
via chemical processing technques. composition was loosely packed around the samples to provide

a PbO atmosphere during sinteng. Detais of the synthese are
reported elsewhere (12).

INTRODUCTION
For diveectric, piezoelectric and pyroelectric measurements the

There has been growing interest in the development of lead samples were paralel lapped using wet SiC powder W00 mesh),
titanate based ceramics for a variety of piezoelectric/pyroelectric cleaned in isOprOPanol using an ulrasonic bath, dried, eledroded
devices applications. Some of the attractive features of lead titanate (using Dupont #4731 silver ink) and fred at 600C for 15 nmiutes.
ceramics include: a hign Curie temperature (>250'C), high For piezoelectric/ pyroelectric measurements samples were poled
spontaneous polarisatlon, low dielectric constant(-200), a very at 40 kv/cm in a silcone oil bath at 100CC for 10 minutes. The
small aging rate of dielectric constant, a large difference between radial mode resonance of the samples were analyzed using the
the thickness coupling constant (kQ) and planar coupling constant method of Sherrit at al. (13) with slight modifications. When the
(kN) and relatively low mechanical quality factor (0m). These material kp is small the analysis can be dependent on 1 Hz shifts
characteristics make it a promising candidate for high frequency in frequency. However the resolution in frequency from the
ultrasonic transducers for non destructive evaluation of materials, inipedance scans is only 10 Hz at best To fit the data the critical
medical diagnostics, SAW devices, infrared sensors etc (1-3). frequencies were determined to 10 Hz resolution as usual and a
However, difficulties are encountered in the sintering and fit was calculated. The frequences were then adlusted to 1 Hz to
subsequent poling of PbTiO 3 due to the high anisotropy in its minimize the errors of the fit.
crystal structure (arge c/a ratio), which leads to the development
of micro- and macrocracks upon sintering and subsequent cooling The materials constants of the thickness mode were
through the Curie point. Doping with PJkali metals, transition metals determined using the method of Smits (14). The constants for both
or rare earth oxides has been shown to produce crack-free high- modes were determined at the resonance frequency except for
density material (1,4-6). et3 which was determined at 1 kHz. The impedance scans were

measured with an HP 4192 impedance analyzer.
In recent years there has been greater emphasis on the

synthesis of precursor powders via chemical routes (7-11). This The pyroeledric characteristics were determined using
approach is believed to offer greater control of chemical
composition, homogeneity, particle size, shape and other key p=l/(dT/dt)A
parameters considered necessary to produce high performance
advanced ceramics. as described by Byer and Roundy (15) where I is the short circuit

current, A is the electrode area and dT/dt is the teimpeature ramp
In an earlier study (12) we reported the synthesis and rate. The current was measured using a Keithy 619 electrometer.

characterization of calcia-doped lead titanate compositions having The ramp rate was set at 1TC per minute. The temperature was
a general formula, measured using a chroiel-alumel thermocouple referenced to an

ice bath imbedded in a stainless steel stage below the sample.
[PblxCax][(CoW)yMnzTl2jz]O 3  The hydrostatic ements were made in a pressure

where vessel. The sample and a standard of known gi were placed in
x < 0.30, y < 0.03, z < 0.01 the chamber filled with oil. The static pressure is increased to the

desired level and an ac hydrostatic pressure of 400 Hz was
Two different chemical routes and also conventional attrition milling generated using a volume expander. The response of the standard
methods were used to synthesize the precursor powders. The and sample to the ac hydrostatic pressure was recorded using a
influence of powder processing methods on the crystal structure, lock-in amplifier, and corrections were made to both by noting the
unit cell parameters and the particle size/surface area were st-ry capacitanc of each. The g, of the sample was then
discussed. This study provides data on the microstructural, determined from using the relationship:
dielectric, piezoelectric and pyroelectric properties of the above
materials. gh = gO-(&Vtt)

where gh. ,V. t, % are respectively the hydrostatic voltage
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coefficient, the voltage gef rated by the standard and the
tickness of the standard, and V and t are the voltage generated
by fte sample and thei sample thickness respectively. The average
value of piezoelectric d33 coefficient was measured using a ,.
Berlincourt d33 meter (model CPDT 3300, Channel Products, Inc.
Chagrin Fall, Ohio).

RESULTS and DISCUSSION

T~he X-ray diffraction patterns of fth powders calcined at 750'C
are shown in Fig. 1. Only gel-processed matenal produced single ILI

phase lead titanate at this temperature. Both the attrition milled
and copreopdtated powders showed the presence of trace
amounts of unreacted lead oxide. However, all three materials "

exhibited single phase lead titanate at the sintering temperature of l A CIV
1050'C. )

-' Fig .2 - SEM micrographs (ab) gel processed,
(c) co-precipitated and (d) attrition milled
powders heated to 750'C.

The powders produced via attrition milling and dried at 750C
Mainly consist of PbT'O3 crystals bound together. The individual
grains are from 0.5 to 4 /mn. Only trace amounts of PbO were
detected. It was impossible to produce sintered discs having
densities in excess of 930% even after re-attrition milling for an hour
using these powders; however addition of approximately 1-2
weight percent excess PbO in the calcined powders improved the
sintered densities to > 96% of the theoretical value.

Fig .1 -XRD diffraction patterns of precursor Fractured surfaces of the sintered samples were also
powders heated to 750°C: (a) attrition milled, (b) examined using SEM. The micrographs indicated intragranular
co-precipitated and (c) gel processed. fracture and low porosity in all three case. The pores generally

remained less than 2-5 pm in size.

The SEM micrographs of the gel-derived, coprecipitated and Results from the dielectric, piezoelectric and pyroelectric
attrition milled powders heat treated at 750'C aie shown in Fig. 2. property measurements are given in Table 1. Typical examples of
The gel processed material produced hard agglomerated particles both the radial and thickness mode resonance plots along with a
ranging from 1-100 pm in size. Most grains have a smooth glass- polynomial least square fit (13) to the experimental data are also
like surface and exhibit microporosity and microcracking. A closer shown in Fig.3. The results dearly indicate that these materials
examination of the material reveals the formation of PbTIO3 crystals posses attractive properties for potential applications in vanous
in a glassy type matrix. Green discs made from these powders practical devices. For example, sintered and poled discs made
could not be sintered to > 90% of the theoretical density. from the three different powders exhibited very small radial mode
However, after attrition milling this material for 30-45 minutes the coupling coefficiients kP (.012-.032)and large thickness mode
sintered densities of the pellets improved significantly (> 96%). coupling coefficients k, (0.42-0.52). Also the ratio of the coupling
This is due to the removal of intemal micro-porosity in the partidles coefficients k,/kI in all three cases is fairly large (=13-42). These
via attrition milling. features enable efficient coupling between transducer and medium

without interference from undesirable modes, providing improved
The powders prepared by chemical coprecipitation and dried resolution (larger signal to noise ratio), hence greater detectability

at 750'C produce irregularly shaped particles and small lumps for nondestructive testing (NDT) applications. The higher signal
ranging between 1 pm and 100 pm in size. Those in excess of 10 resolution also suggests that transducers made from these
pm were usually multi-phase. Some of the agglomerates have an materials for medical diagnostics applications can be operated at
almost granular appearance and a few of the smaller agglomerates a lower drive level making ultrasonic imaging a safer diagnostic
have elongated platelets of PbO, thus indicating compositional tool. The large values for longitudinal piezoelectric constant, d33,
inhomogeneity. Like gel-processed materials, these powders also (=71 to 88x10' 2) and relatively much smaller lateral piezoelectric
required attrition milling for 30-45 minutes to produce pellets having constants, d31 (-1.145 to -3.21x1 2 ) imply that the hydrostatic
densities in excess of 95% of the theoretical value. piezoelectric coefficient,

521



Table 1. Dellectrtc Plezoelecbilc and Pyroelectric pmpee dh = d33 + 2d3

PFOPeflles Gel C4(A Milled s onty slghtly smaAw thani d3 .These chractrstcs coupled wih
a low i-c•i•ncal qualy factor 0, (75-125) and a low dielect

Density (10' Kg/m 3) 6.88 677 6.97 constart (:s 210) make them suitable for under water transducer
Posorn's ratio o 0210 0.212 0216 appicatons. The measured hydrostatic voltage coefficent arid

5O1 8rVerDIS CQ 250 2t0 h5 te product g,. are more than an order at
Met•K q*dy Wor Om 78 85 126
Dde cornst I K-z 210 208 198
Dkispkn fctor 1 Kiz 0.014 0.025 0.027
PeW'rdMiky t10O F/r)
6t33 1 B6 1.85 1.75

esn 1.37 1.47 1.31

k" 0.015 0.032 0.012
K 0.46 0.42 0.52
Is/k., 30.52 13.26 42.2
Piezoe•)e cons-
dr, (x 10"12 C&' ) -1.53 -3.21 -1.15
d, (X lo

2
CN

1
) 79 71 88 .

dh (x 10"2 CN" ) @10 MPa 50.6 41.50 5850 .
g, (X10o'VmN) 24.25 19.90 28.8
g, d, (x 10' 5 m2n N') 1228 824 1686

Elas te Fig .4 - Variation of (a) g, and (b) g~d, as a
SE1 (X 10"2 Mn N) 8.27 8.18 7-52 function of applied pressure for materials

, 0, -1.74 -17 -1. produced using gel-processed, co-precipitated
S(x 102 m N) -7 -and attrition milled powders.

C:P,3 (xlO" Nm) 1.41 1.38 1.6

al25 6 11anu higher (Fig. 4) than commecially available PZT
()12 -39 M -164 ceramics (16). The g, and d, values only varied slightly with

icreasing hydrostatic pressure, however, these parameters

Pyiodoctc coeff. (p) showed significant dependence on the methds for producing the
(X 10j Cm

2 
K)@P 50C 4.9 4.5 1.4 precursor powders. The g4dh values for sintered and poled

specimens produced from ation milled powders were twice
those measured for coprecipitated materials. The large anisotropy
in vanous coupling modes of these materials is also very useful as
it allows transducer designs with simple fiat plates as opposed to
hollow cylindrical or spherical geometries commonly used with PZT
ceramics. The measured pyroelectric coefficients (p) of these
materials are also comparable or superior to many leading
pyroelectric ceramics e.g. LiTaO3, PZT, PZT-PZN, TGS,
(Pb,Ba)TK33, (Pb,Sr)TK)3 etc. (17-20). The high pyroelectric
coefficents and the low dielectric constants (:5210) of these

6. materials make them very attractive for vanous infrared detection
Sa° , 7j ..... • ....... . and thermal imaging device applications.

-• • The dielectric, piezoelectric and pyroelectric propertes of
,materials investigated also showed oependence upon the methods

S-used to prepare the precursor powders. Dscs produced using the

attrition milled powders provided the highest KP, d33, , and gh
values. These discs also displayed the lowest kp d3, and dielectnc

. . . .. constant The relatively superior piezoelectric properties for attrition
milled materials could be due to the excess PbO used to improve
the sintered densities as discussed in the previous section.
Mendiola et al. (21) have previously suggested that the possible
presence of unreacted PbO in the grain boundaries of the modified
lead titanate ceramics, presumably, promoted high preferential

Fig .3 Conductance, susceptance and rotation of 90° domains during poling treatment and yielded an
reactance as a function of frequency for a gel- unusually large k,/kP value.
processed piezoelectric resonator: (a) radial
mode (b) thickness mode. The gel-processed materials displayed the highest pyroelectrc

coefficient and lowest mechanical quality factor (Oe) and dielecftc
loss or dissipation (tan 6). In general, samples produced from
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copreopitted powders exhibited relatively inieror piezutMltric Phivs 52(53 32223 232 1ý.- !
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PbTKi, Ceramics Jap J Appl Phys 7(3) 236-242, 1968.
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Fabrication and Piezoelectric Properties of PZT
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Abstract oxalate method which combined the conventional mixed

oxide method and the chemical method for the synthesis

Pb(Zr,Ti)0 3 powders were synthesized by the partial of PZT powder. In this method, Zro 5 3Tio 4702 is used

oxalate method and the modified partial oxalate method, as starting material with lead oxalate prepared from

where the difference between the two is the use of lead nitrate and oxalate solution. This approach

pre-reacted (Zr,Ti)0 2  in the former method. When attempted to produce the most active parts by the

compared with conventional mixed oxide method, chemical method and bypass the conventional reaction

calcination temperature can be reduced to less than 700 process, and thereby eliminating the formation of
PbTiO3

7 ) which is formed as an intermedliate product
"C by both partial oxalate methods, and the resulting dur ing f i fth m ed o i poider.

particle size was finer and more uniform. Using partial in this pe the synthe and l t u

oxalate-derived PZT powders, sintering temperatures can

firing of fine PZT powder is presented. We have usedalso be reduced as low as 950"C without sacrificing bt h ata xlt ehdwihwsoiial

desired dielectric and piezoelectric proper!:es, such as

relative permittivity. electromechanica. coupling proposed by Yamamoto and the modified partial oxalate

factor, and piezoelectric coefficient, Two partial method to synthesize PZT powder, and have investigated
the dielectric and piezoelectric properties of PZT

oxalate methods yield ceramics with almost the same

physical and electrical properties, so that the step of ceramics. The reaction mechanisms for the formation of

producing ZTO powder does not seem to be necessary. PZT powder through the partial oxalate method are being

proposed. Finally, the piezoelectric properties of PZT

ceramics prepared by both the partial oxaiate metnods

1. Introduction and the conventional mixed oxide method are compared as

well as the firing temperatures.

Today, most of PZT ceramics are still fabricated from

PZT powder obtained by calcining PbO. ZrO2, and TiO2

powder mixture1 1 , although PZT powder f om 2. Experimental Procedure
chemically-derived precursor such as alkoxide, oxalate,

or sol-gel is available to some extent. The latter has The chemical composition used in this study is given

been developed to improve the uniformity, purity and below. Raw materials were high purity PbO, ZrO2 , TiO2 ,
particle shape, and to obtain smaller particle size and
narrow distribution of resulting PZT powder. The fine bnd c cteristics an ma e mials the tyand characteristics of raw materials used in this study
and uniform powder synthesized by such chemical methods were summerized in Table 1.
is advantageous in many engineering applications as

lower firing temperature and improved reproducibility of Pb(Zro.53 TiO.47)03 + 0.5 mol% Nb2O5

properties can be realized. However, such chemical or Pb(Zr0. saTI0. 4 7 )Nb0. 0i03 (I)
synthesis is not suitable for mass production due to low

yield and high cost of powder. In the partial oxalate method, the first of three

The pure chemical methods 2 ) have shown a lack of methods tried in this study, weighed Zr02 and TiO2

productivity and the mechanical milling of powders in molar proportion of 0.53 : 0.47 were mixed

conventionally calcined powder 3 ) have demonstrated a for 6 hours by wet ball milling, followed by calcination

lack of purity of the resulting product. Therefore. it at 1300C for 3 hours to form (Zr0 . Ti 0 47)02 solid

has been necessary to develop novel processes to combine solution (ZTO). In addition, ZrO2 and TiO2 powder

the advantages and to eliminate the disadvantages mixture doped with 0.5 mol S Nb2 05 powder was also

of the two techniques. An example of newly developed calcined at 13001C (NZTO) . In this study, we have used

chemical methods is the multi-stage coprecipitation NZTO powders prepared by the above method and/or

method proposed by Watanabe et al.4) purchased from Sakai Chemical Co., Japan. Instead (if

Recently, Yamamoto et al. 5 - 6 ) proposed the partial PbO, lead oxalate prepared by mixing lead nitrate and

CU130.0-0- 7803-0465-9/9253.0O ©IEEE 524



Table Raw materials used for various PZT
preparatio., nethods.

Method Mixed Partial Modified [iOh Nkn[
, Oxide Oxalate Par Oxa.
Raw Materials \ lethod Method Method mixing f

Chtmical fls(pm. PZT P-ZT(I)' PZ-T(1) P-ZT(2)

PbO 3.63 0 o
ZrO2 0.70 0 CQ alcination 13(l00C/3hr

TiO2  1.18 0D 0
Nbz'.,. 0.56 0 0 Ti)O.

(COOH) 2-2H 2 0 - 0 0 0
Pb(N0 3 )Z 0 0D 0 F'blIO3)2 aU

ZTO 1.62 0 4

14ZTO 0.33 0 Solution

Pb. 0.01 Stir Solution

# Preliminary experiments showed similar characte- synthes, digestion/10hr
ristics for two combinations shown here. and ]
therefore NZT9 purchased from Sakai Chemical Co. was later lashing
used throughout the study.
* Powder produced by thermal decomposition of lead
oxalate precipi ates. Calcinatlon 6WO - ?50C/l1hr

oxalic acid aqueous solution was used in this method. [Crushin ball *ill/6hr

At first. ZTO or NZTO powder was dispersed in I mol binder(e'V'A

ovalic acid aqueous solution, and I mol lead nitrate FoForming Wlea

solution was dropped into the solution to form fire lead

oxalate particles which precipitated onto rather large Sinteinli 850- 12oC/h

ZTW particles. Then, ZTO precipitates coated with lei-d [Measrmnt

oxa!ate was washed with distilled water until NO- 2 - ion

was not deL-'ed in washing liquid, followed by drying

and calcining at 650 - 7507C for the formation reaction Fig. I. Flow chart of PZT preparation by partial oxalate method( I)

of PZT. Tht ball-milling of calcined PZT aggiomerates a-d modified partial oxalate .ethod(l)

was necessary to obtain fine PZT powder.

The modified partial oxalate method was devised to

eliminate energy-consuming reaction ,f ZTO or NZTO 3, Results and Discussion
prouuction. In this method, the mixture of ZrO2, Ti02

and/or Nb205 particles replace ZTO or NZTO of the In order to study the decomposition and/or phase

partial oxalate method. The detailed explanation of two transformation reactions for lead oxaldte obtained from
processes are shown in Fief. 1. mixing lead nitrate and oxalic acid, thermogravimetric

The third method to obtain PZT powder was the and differential thermal analysis were made, and the

well-known solid state reaction technique of mixed results are shown in Fig. 2. An exothermic peak at 425

oxides. The powder produced by this method was used to `C is due to the formation of free PbO, and an

make PZT ceramic in order to compare its properties with endothermic peak at 9001C is due to melting of PbO.

those prepared by partial oxalate methods. Above 900(2 weight loss due to evaporation of PbO is

The shape and size of synthesized powder wereobserved evident from TGA curve. Therefore, the PZT formation in

using scanning electron microscope, and the distribution partial oxalate methods may be postulated as the series

of particle size was examined using particle size of following reactions.

analyzer utilizing centrifugal sedimentation. Phase

analysis of the powder was done by X-ray diffractometer. 0.53 ZrO2 * 0.47 Ti0 2 -- (Zro 53Tio.47)02 (2)

Sintering behavior of the powder was examined by Pb(N03)2(aq) - (COOH)2-2HzO(aq) -

pressing the powder into the pellet at 98 MPa and firing PbC204(•l•- 2 HNO3(aq) (3)

at 850 - 120O*C for three hours. Bulk density, PbC20 4 + ½ 02 -- PbO + 2 C02  (4)

crystal structure, dielectric and piezoelectric PbO * (Zros3Tio47)0 2  -- Pb(Zro 53Tio 47)03 (5)

properties, and poling behavior of PZT ceramics were or

then examined. Fired-on silver paste was applied onto Pb(N03)2(sq) - (COOH) 2 
2 H20 (•aq) [(ZrO2/TiO 2 )] -

two faces of discs by heat treatment at 8001: for 10 PbC204(s) I -[(ZrO2/TiO 2 ) mixturej - 2 P•O3(sq) (6)

minutes. Poling was performed by immersing the ceramic PbC2 0 4 - ½ 02 -- PbO - 2 CO2  (7)

into silicone oil at 1301C and applying 3 k%'/mm field. PbO - [(ZrO(/TiO2J mixturel -- Pb(ZrTi)0 3  (8l
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From Fig. 2. one can see that reactions (4) and (7) the powder obtained by mixed oxide method shows much
occurred at about 4251C, whereas PZT formation reactions sluggish sintering kinetics, and as a result. higher

(5) and (8) start to occur at 600"C, which was confirmed temperfttures are necessary to obtain the same sintering
by the endothermic peak of UrA curve for the same system densities. It is noted that almost full density is

reported by Yamamoto et al. 6 ) In addition, XRD patterns

revealed the formation of PZT perovskite phase for

partial oxalate methods started to occur in the -

temperature range of 650 - 7001C. This is much lower a
than the temperat,,re range for mixed oxide method, where //

typical value is in the range of 850 - 9001C.
The lowering of PZT formation temperature in partial

oxalate methods can be explained by the following, ./
First of all, in mixed oxide method, as temperature / IPZTI

increases, PbTiO3 tends to be formed as an intermediate 0 IP-ZTII

product 7 ), which then reacts with remaining ZrO2 to form I tP-ZT2IN

PZT at a higher temperature. On the other hand, in the

partial oxalate method, ZTO powder is used to avoid the

formation of PbTi0 3 , and therefore PZT is formed at a 6 ... . ..---

lower temperature. In addition, the use of ultra fine 860 g00 960 x= 10 1100 1160 1200

PbO powder produced by the pyrolysis of lead oxalate sntring temperature To tC1

powder may lower the calcination temperature, since the Fig. 3. Bulk density of HT ceramics as a function of

diffusion path is reduced in a great deal. sintering temperature for powders derived by different
metthods.

Average particle sizes of calcined PZT powders mehos

prepared by various methods used in this study are 0.94 0 -

gia for conventional mixed oxide method, 0.47 /um for
partial oxalate method, and 0.52 urm for modified partial /
oxalate method. Calcination temperatures were 850 "C P-ZTI

for mixed oxide and 710"C for both oxalate methods. It ti IP-ZT(S9 a

is evident that two partial oxalate methods yield finer

particles than conventional mixed oxide method. C 4

In Fig. 3, the temperature dependence of bulk //•

densities of ceramics fired over the temperature range
of 850 -- 120"C is demonstrated for various preparation

methods. In Fig. 3 and the following figures, same 2 -

symbols are used to denote various powder preparation

routes. Solid dot, open square and triangle represent
mixed oxide [PZT], partial oxalate [PZT(I)] and 0. . . - .' ~~860 Wo 060 X=O( IM6 1100 11650 1O00

modified partial oxalate-derived powders [PZT(2)], 0 inter0ng t0mp0a0ture T16 [oC1

respectively. PZT powders synthesized by two partial Fig.4. Average grain sizes of P71 ceramics as a
oxalate methods show similar sintering behavior, whereas function of sintering temperature.

X -a-- ft• - 000100 40 TMo90
90DTA > 20

L- 80

LL

70

200 400 600 800 1000 200 250 300 380 400 460

temperature T [CoC]
Fig.5. Temperature dependence of relative persittivity
for samples prepared u'ting modified partial

Fig.2 o TA and TGA curves of lead oxalate powder. oxalate-derived PZ'T powder at various sintering
temperature.
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realized at as low as 950"C for partial oxalate-derived

powder, whereas the same density is possible at above

1050"C for mixed oxide-derived PZ'T powder. This result

again reflects the fact that the partial oxalate-derived 4

powders are smaller in size and chemically more uniform

so that the densification can be accomplished at lower 2

temperatures. 14o

Average grain sizes determined from the figure by line B. yi
intercept method are plotted against the sintering 7
temperature in Fig. 4. It is clear that grain growth (Zi•I

'~ I. / C IP-ZTIaIN
occurs at lower temperatures for partial oxalate-derived goO W/-MrN

powder compacts.

The temperature dependences of dielectric constant

and Curie temperature for ceramics sintered using

modified partial oxalate-derived powder are shown in AOC
8Oc 90o 960 lwo io 1100 1160 1200Fig. 5. It is found that. as sintering temperature ainterin5 temperature Tm (*C]

increases. Curie temperature decreases whereas the Fig.6. Relative permittivity as a function of
dielectric constant at Curie point increases. This sintering temperature for three types of samples.
result is in good agreement with that reported by

Yamamoto et al. 6 ) for the similar system. Shrout et
al.$) also found the same temperature dependences of
dielectric constant and Curie temperature for

Pb(Mgi/ 3Nb2/3)0 3 ceramic, and interpreted the data in

terms of average grain size instead of sintering -
temperature. However, since average grain size is

proportional to sintering temperature as shown in Fig. /

4, the result obtained in this study remains consistent

with other studies. C 04
u

For the sintered samples prepared using three types

of PZT powders, the sintering temperature dependence of .1 . IPZTI
1X n/ lP-zT(I i

relative permittivity at room temperature is illustrated 02o [ P-ZT(2rI

in Fig. 6. For two types of partial oxalate methods,

relative permittivity reaches maximum at about 10501C
whereas, for mixed oxide method, the same happens at o0 -

1150"C. This result is in accord with Fig. 3. where 860 000 060 1Oo 1060 W10 1160 1200

bulk density values for three methods shows similar mintering temperature To (aCl

trend. The fact that relative permittivity and bulk Fig. 7. Planar coupling factor as a function of
density show similar temperature dependence can be sintering temperature for three types of samples.
interpreted due to the influence of pores.

Electromechanical coupling factors for three typeL; of i6o

PZT ceramics are shown in Fig. 7 as a function of --o
sintering temperature. It is noticeable that the •
coupling factors for all samples generally increase with x
sintering temperature. However, two partial oxalate -17/ 0

methods appear to be better than mixed oxide method
since the maximum values of the former happen at about /
lO0"C lower than that of the latter. This trend is
similar to that of dielectric constant, and is again the . IPZTI

60
consequence of decrease of sintering temperature for the 0 IP"zT(0N

same bulk density. (P-ZT(2N

Since the coupling factor of 0.55 is sufficient for CL

most piezoelectric applications, two Partial oxalate 0
methods can be more adequate in practical applications 860 o00 60 1000 1O0 1100 1150 10•

than mixed oxide method. The sintering temperature for sintering temperature To ['Cl
the former can be as low as 9501C. whereas that for the Fig. 8. Piezoelectric constant d31 as a function of
latter must be higher than 1050l . sintering temperature for three types of samples.
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Piezoelectric constants d31 for three types of samples

are shown in Fig. 8, which is important in actuator

application. The results also show the similar

sintering temperature dependence as relative 30 /AU .

permittivity and electromechanical coupling factor. o

Remanent polarization from D-E hysteresis loops for a 7
samples sintered at four different temperatures using 20

three types of powders is plotted in Fig. 9. It shows A

that remanent polarization increases with sintering . IPZTI

temperature. This temperature dependence again 0 WP-ZT(lN
- •, iIP.ZTZIN

resembles those in relative permittivity and bulk A0

density. From the figure, the saturated values of

remanent polarization are 25 "- 30#m /cm 2 . In

addition, from Figs. 7 and 9, one can find that remanent

polarization is proportional to the planar coupling e8o ogo oo 9 o0o 0oo M0 1 o0a

factor. sinteriln temperature To LoCI

FIg. 9. Remanent polarization an a function of

1. Conclusions sintering temperature.

From the results found in this study, it can be

concluded that two partial oxalate methods are better 2. Hiamamura Suramotof Pband, A yOatabe

techniques to produce fine, homogeneous PZT powder than Mto haki, Prpation of ber. by Oxalat4
themiec xie mthd acopanedby al-milig. Method in Ethanol Solution," J. Ceram. Soc. Jpn., 94,the mixe6; oxide method accompanied by ball-milling. 40 7 1 8 )

Using partial oxalate-derived PZT powders. sintering 7 4 (.3. S. Tashiro. Y. Tsuji and II. Igarashi: "Sintering
temperatures can be reduced as low as 9501C without
sacri ficing desired dielectric and piezoelectric o umco bZbF,)aPwesadDeetiprprtfiies, desuchd a elactriven pier ctricy Propereties of the Ceramics Fabrticated Therefrom', J.prope rties, such as relative permittivi ty, C r m o . J n . 9 ( ) 7 4 1 8 )

electromechanical coupling factor, and piezoelectric C . S. Wn. .96(5) o,5 ( .

constant. Two partial oxalate methods yield ceramics 4. A. Watanb. Shyniot Pb(Mamura, a nS. Shi rasaki, "Shyntesi s of Pb(MgI,/ 3 Nb2,2 )0a by
with almost the same physical and electrical properties, Coprecipitation Method", in Proc.25th Meeting Basic

so that the step of producing ZTO powder does not seem Ceram.. 3E04, (1987).
to be necessary. 5. T. Yamamoto, R. Tanaka. k. Okazaki and T. Ueyama.

o defent "Micro- structure of Pb(ZrO 5 3 Tio.47)03 Ceramics
Acknowegem Synthesized by Partial Oxalate Method (Wssing
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MICROSTRUCTURE AND PROPERTIES OF
Cr 2 0 3 DOPED LEAD TITANATE PIEZOCERAMICS

Long Wu, Yi-Yeh Lee and Chich-Kow Liang
Departmen, of Electrical Engineering

National Cheng Kung University
Tainan, Taiwan, R.O.C.

Abstract with Ln=La, Nd, Sm, or Gd. Therefore, the two

The chromium addition has been compositions Pb0. 88 Nd 0.08 (Ti0 .9 8 Mn 0 .0 2 )0 3

investigated extensively in the PZT type ceramics (PNT) and Pb0. 8 05 La0. 13 (Ti0 .98 Mn0. 0 2 )0 3
but seldom mentioned in PT type ceramics. In this (PLT) are chosen to study the effect of the Cr 2O3
study, the effect of Cr 20 3 additives (0----0.6 wt%) additives on the variations of the microstructure
on the microstructure and electrical properties of and electrical properties.
Pb0.88 Ln0. 0 8 (Ti0 .9 8 Mn 0 .02 )0 3  ceramics where
Ln=Nd, La is discussed. In Nd modified PT Exverimental trocedure and measurement
ceramics, the chromium ions enter into the lattice Two types of ceramics with composition (a)
of the perovskite structure. They are taken as a T0w88 Nd 0 8(Ti erMni 0i)Oh+x wt% Cr(Oa
grain growth promoter and accelerate densification .080.98 .023
in microstructure and act as a hardener which (b)Pb0. 80 5 La0 .13 (Ti0. 98 Mn 0 .02 ) 03 + x wt%
favors the higher mechanical quality factor, lower
dielectric loss and lower electrical resistivity in Cr 20 3 (x=0-0.6) were prepared by conventional
electrical properties. However, in the La modified processing method using mixed oxide powders.
PT ceramics, with increasing Cr 20 3 additives the After wet milling for 6 hr, the mixture was dried
tetragonality c/a and the Curie temperature Tc and calcined at 8800C for 2 hr. The green
nearly keep no change. Thus, the chromium ioihs compacts were sintered in a closed alumina
maybe tend to mostly segregate at the grain crucible for 2hr at 12000C. The poling condition
boundaries and act as grain growth inhibitor and was 6 KV/mm at 1500C in silicon oil for 10 min.
binder responsible for the increase of the porosity, The mean grain size was obtained by line

T intercept method from SEM micrographs. The
dielectric constant E33 and electrical resistivity. porosity wa's calculated from the density

measurement by using the Archimedes technique.
IntroductioLn Lattice constant was determined by an X-ray

diffractometer using CuKa radiation. The
Much tentative investigations were made to temperature dependence of electrical permittivity

improve the performance of PZT type ceramics Er of unpoled samples was carried out in the
after the fundamental studies by Jaffe et al.. temperature iange of 50-4000C. The poled
Typically three type of additives are classified as T
softener, hardener and stabilizer. It is believed dielectric constant E33  and dielectric loss tan be
that most of the additives enter into the lattice to were measured at 1 KHz using HP4192 impedance
a certain extent and thus change the ceramic analyzer. The planar coupling factor km and
properties. The stabilizer like Cr 20 3, MnO 2 and mechanical quakty factor Qm was deterrrred by
U30 8 on the electrophysical aspect is still a special the resonance method according to IRE standard.
noted issue. Related studies included Takahashi, The thickness c)upling factor kt was calculated
Atkin, Roy-Chowdhury et al., Ouchi et al. and from the ratio of the overtone frequency to the
Cheon et al.1- 5 Takahashi' pointed that the fundamental frequency of thickness mode using
Cr-group impurities have the combined effect of Onoe's table.
partial doi or and partial acceptor on the Temperature dependence of electrical
electromechanical properties and result in a stable resistivity was measured by the two-point method
temperature and aging characteristics. It is using a digital multimeter (Keithley 199) and a
considered .o be related to more than one valence applied DC field of 1 V/mm in the temperature
state of the transition ion in the lattice. range of 25-5000C.

Lastly, lead titanate ceramics modified by
rare earth ions are concentrated on a possibility of Results and discussion
the applications on high frequency resonators or
filters like surface and bulk acoustic wave devices. (A)_X-ray measurement and microstructure
Takeuchi.6 and Ito.7 et. al. have systematically
explored the modified PbTiO 3 ceramics having the The X-ray diffraction patterns of PNT and
general formula Pb(l1l.5 x)Lnx(TixyMny)O3, PLT ceramics without and with 0.6 wt% Cr 2O3

('Ij u))) 7301-O65 -)";253.(1) LjIEE|" 529



additions are shown in Fig 1 respectively. In 1.08

contrast to no evident distinction of XRD patterns
in PLT ceramics, the (002) and (200) peaks of d

PNT ceramics doped with 0..5 wt% Cr2 03  1.06 -

additives show closer than that without doping. So .
in PNT ceramics the tetragonality c/a has 0 1.04 PT
tendency to decrease with increasing
concentrations of Cr 20 3 additives but c/a keeps -

nearly the same within this doping range in PLT 1.02

ceramics as shown in Fig 2. It is concluded that
the chromium ions are soluble in the perovskite
structure of Nd modified lead titanate ceramics 1.00 .
which also can be confirmed by Energy Dispersive 0 0.2 0.4 0.6 0.8
Spectrometer (EDS) analysis but maybe tend to Cr20 3 (wt*/-)
mostly segregate at the grain boundaries in PLT Figure 2 Variation of the tetragonality of PNT
ceramics. and PLT ceramics as a function of Cr 20 3

concentiation.

CD r- increases. So, it is suggested that these additives
"act as grain growth inhibitor and binder.

- 4

solid line PNT'
dash line PLTI

E 3 groin size 3
porosity 3

N ~, 2 2
0

, 0

.. E-- . o .2 o,

0
&0 0.2 0.4 0.6 0.8

Cr 20s (wtw)

Figure 3 Variation of the average grain size and
porosity of PNT and PLT ceramics as a function
of Cr 20 3 co-icentration.

20 30 40 50 60 (B) Electrical properties
20 (a) PNT ceramics: The Curie temperature

Tc and the peak dielectric constant Emax at Tc
Figure I X-ray diffraction patterns of (a) PNT determined from measurements of temperature
and (b) PLT ceramics without and with 0.6 wt% dependence of dielectric constant in unpoled
Cr 20 3 additives. samples are shown in Fig 4. The Curie

temperature Tc is decreased with increasing the
concentrations of Cr 20 3, but Emax is increased withThe variations of the grain size and porosity the increase of doping.

as a function of Cr 20 3 concentrations are shown in T
Fig 3. Within this doping range, fine grained The poled dielectric constant (E33 ) and
ceramics are all presented in PNT ceramic%; the dielectric loss (tan be) as a function of Cr 203
grain size increases from 0.98 Am to 2.2 pm and additives are shown in Fig 5. The variation of E33T
the porosity decreases form 2.5% to 1.2%. So, the is nearly comparable to the variation of Emax,
chromium ions are taken as a grain growth which results from the ease of domain wall motion
promoter and accelerate densification. In PLT in larger grain size.8  Due to the porosity
ceramics, a dense and fine-grained microstructure promoting the inner friction in time of domain
can be reached within 0.4 wt% doping. After that, boundary movement, thus the dielectric loss
although the grain size keeps similar, the porosity decreases with Cr 2 0 3 additions.
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0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Cr 2O3 (wt ') Cr 2O3  (wt.)

Figure 4 Variation of the Curie temperature Tc Figure 6 Variation of the k kt and Qm of PNT

and peak dielectric constant Emax of PNT and PLT ceramics as a function of Cr 2 O3 concentration.

ceramics as a function of Cr 2O3 concentrationin.

compositions have p-type (hole) conduction,
300 1.0 especially prepared by sintering in air. Thus, in

the paraelectric phase, the decrease of electrical
280 0.9 resistivity with increasing Cr 20 3 additives means

the more hole carriers participate in the
260 - v- conduction process. From the examination
26• -0.8 previously, the chromium ions enter into the
"33 lattice structure of PNT solid solution in all
240- 0.7• C doping rage. So the lower valence state of

ton . - chromium ion (Cr*3 ) substituted for the Ti site
220' "-- 1; 0.6 could be the cause, that is, the chromium ions act

as an acceptor in the PNT ceramics and favor the
200 - .. .... 0.5 higher mechanical quality factor and lower

0.0 0.2 0.4 0.6 0.8 dielectric loss which are consistent with the
Cr 20 3 (w•t) previous results.

T a(b) PLT ceramics: As also seen in Fig 4
Figure 5 Variation of the fT3 and tan be of PNT (dashline), the Curie temperature Tc has no
ceramics as a function of Cr 20 3 concentration. change to be observed like the tetragonality in Fig

2 but the peak dielectric constant Emax decreases
with the additions of Cr 2O 3. In all measuring

Fig 6 silows the dependence of mechanical curves, sharp peaks of dielectric constant are
quality factor Qm, planar coupling factor k and found. Therefore, the diffuse phase transition does
thickness coupling factor kt on the &r203 noL exist in the PLT ceramics like that in the PNT
additions. The mechanical quality factor increased ceramics.
from about 2000 without doping to about 2200 at T
0.6 wt% doping. The electric (tan 6,) and The dielectric constant (Ef C) and dielectric
mechanical (1/Qm) loss exist a approximately loss (tan Te) as a function of Cr2 O3 additives are
linear relationship which matches the loss shown in Fig 7. The dielectric constant E33T
mechanism developed in PZT ceramics. 9 10 As can increases slowly with increasing the additives.
be seen, the thickness coupling factor kt and the Because most additives segregate at the grain
planar coupling factor kp increase slightly, but the boundaries, the presence of interfacial polarization
increase of kt is more apparent. The anisotropy is suggested as a possible explanation for this
kt/kp is around 4.5 . increase.13 The dielectric loss shows smaller at

The temperature dependence of electrical close to 0.4 wt% additions of Cr2O3 which is
resistivity of chromium doped PNT ceramics gives supposed to a dense ceramics to be made. The
a clear explanation about the variations of mechanical quality factor Qm also shows higher
microstructures, point defects and electrical values over 2100 within the range of 0.4 wt%
properties of PNT ceramics. Jamadar et al.11 doping but possibly because of two combined
pointed out that in barium and strontium modified factors ,which are the accumulation of doping ions
lead titanate ceramics the electrical conduction is between grains and an increase of porosity after
electronic in nature in the paraelectric state. 0.4 wt% doping, the inner friction increases
Because of high volatility of lead oxide, Gerson leading to a largely deterioration in Qm. The
and Jaffet2 proposed that the unmodified PZT planar coupling factor kp and thickness coupling

factor kt are also shown in Fig 8, where kt
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increases a little near 0.4 wt% doping and kp boundaries in the latter, leading to different
slightly decreases. The anisotropy kt/kp in the electrical behaviors. By measuring t emperature
PLT ceramics is scarcely higher than that in the dependence of the electrical resistivity, more
PNT ceramics. insight to the understanding of variations of

rnicrostructure, lattice constant, dielectric and
piezoelectric properties can be reached.5001.
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The electrical resistivity of chromium doped
PLT ceramics increases with the Cr 20 3 additives
in the paraelectric phase of higher which is
perfectly different from that of PNT ceramics in
the paraelectric phase. So, the generating effect by
Cr 20 3 doping is sure to be different. The
segregation of chromium ions at the grain
boundaries as binders is responsible for the
increase of the porosity, dielectric constant E33T
and electrical resistivity.

Conclusion

In this study, the chromium doping effect of
Nd and La modified lead titanate ceramics on the
lattice constant, microstructure, dielectric and
piez'•electric properties are investigated. It appears
perfectly different doping phenomena, soluble in
the former and segregative around grain
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ZLAWORATION PROCESS AND STUDY OF Jib-Ni SU8BSTITUTEZD PET

CERAMICS WITH HIGH d 3 3 AND 'r COEFICIENTS

L. Eyraud, P. Eyraud, S. Rey, M. Troccaz

Laboratoire de G6nie Electrique et Ferro~lectricit6

INSA de Lyon, 69621 Villeurbanne c6dex, France

Abstract : PZT ceramics with high Nb-Ni substitution

labout 40 %) are prepared according to a solid process

and a wet chemical process by coprecipitated oxalates.

Precipitation conditions were carefully examined becau-

so some variations in the properties of sintered cera-

mice were observed. The best conditions of thermal de-

composition, thermal treatment and sintering are deter-

mined for the PbZr 0 . 2 3 Ti 0 . 3 7 (Nb 2 1 3 Ni 1 13 )0 . 4 03 composi-

tion. A notable improvement of texture and dielectric /
constant is obtained with hot pressing sintering. The

main electromechanical coefficients were measured.

INTRODUCTION Phase diagram of PbTiO3 -PbZrO3 -Pb(Nb2/ 3 N 1 /3)• 3 system

Fabrication of multielement arrays used for ultrasonic Using the standard mixed oxide method of ceramics prepa-

imaging applications at high frequencies requires the ration (firing 9500 C/6 h, sintering under PZT powder

following conditions for ferroelectric ceramics : 12400 C/6 h) a composition is selected. Figure 2 shows

"* high piezoelectric properties, that is values of d 3 3  the variations of cr, tan6 (measured at 1 KHz, 1 V) and

and k3. coefficients as high as possible d3 3  (calculated from resonance and antiresonance cur-

"O low dielectric losses tans (< 2 %) yes) with zirconium content, keeping the sum (Zr + Ti)

"0 low mechanical quality factor Q (< 50) equal to 0.6, for a 40 atom % Nb-Ni substitution. It

" Curie temperature TC close to 2000 C can be seen that a maximum is obtained about 0.23 Zr
"* good homogeneity and lack of porosity in order to get content whatever the concentration ratio Nb/Ni.

very thin identical elements

"* high value of relative permittivity er

This last factor was impoted by users : a very high Eris necessary to make impedance matching easier and to 40U0 [•

reduce interferences between array elements. This re-

quirement eliminated PbTiO3 and PbNib2 0 6 type materials, 30

attractive for their low coefficient Q and their weak

transverse coupling factor k3 1 , but neglected because

of their very low Er value. d 3 (pC/N)'

According to Jaffe [1] there are several possibilities 600

to increase piezoelectric activity of lead zirconate

titanites type materials (PZT). Mixture with a complex

perovskite Pb(Nb 2 / 3 Ni1 / 3 ) 03 was chosen.

Moreover due to very high frequencies measurements (10 400 -

to 20 MHz), piezoelectric array elements must be very

homogeneous, very thin (up to 100 ýn) with identical tan8 (%)

widths (20 pjm). Therefore the other important point to '.4

be considered is the ceramics manufacturing process.

COIC3 OF A COMPOSITION 0.? 1.2 i.4

2r CONTENT

Phase diagram of PbTiO3 -PbZrO 3 -Pb(Nb 2 / 3 Ni 1 / 3 ) 03 system

(Figure 1) given by Banno [2) shows that a morphotropic Figure 2

phase boundary, near which piezoelectric properties Zr/Ti ratio influence on ceramics characteristics

would be better, lies in vicinity of 20 moles % PbZrO3  EPb Zr, Ti0.6-x (Nb2/3 Nil/ 3 )0 .4 03

and 40 moles % Pb(Nb 2 / 3 Ni 1 / 3 ) 03 to maintain Tc abou APb Zr,, TiO.6., Nb0 .2 6 Ni 0 .14 03

2000 C. OPb Zrx Tio.6.x NbO. 2 7 Ni 0o 1 3 03
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These same piezoelectric coefficients are then plotted * Thermal treatment

in Figure 3 as a function of Nb/Ni values for the 23 Differential thermal analysis of the precipitate

atom % Zr previously determined. It can be noted that shows total oxalates decomposition at 400* C. X Rays

the beat ratio Nb/Ni is 2 corresponding respectively to analysis performed on powders fired at different tem-

pentavalent and divalent ionic states. peratures shows in all cases the diffraction pattern

S-r I I of a pyrochlore phase Pb 2 Nb2 TiO9 (PTN). The optimum

conditions for minimizing this phase are the follo-
400O wing : thermal decomposition 6000 C/10 h, thermal

- treatment 900-C/2 h (Figure 4). Note that the pyro-

1XJ chlore phase does not exist in the ceramic material.

d n(p/) (pC/ 1

60 50 401 30

S2 0

Figure 4 Diffraction pattern of a coprecipiteted
1.8

powder (PTH = pyrochlore phase)

1., ---_ _ PbO excess
1.8 1.9 2 In relation to the general perovskite formula ABO3•

Nh/Ni ratio Pb 2 Nb 2 TiO9 is in deficit on A site. Therefore vapori-

Figture 3 Dependence of PbO3TiO3 7bO 4 xNixO3  zation of Pbo in excess can occur during sintering.

ceramics characteristics on Nb/Ni ratio Tests carried out on samples with A/B ratios higher

than I lead to uncertain results (Table I). Moreover

Finally the following composition is chosen for further some ceramics are not homogeneous.

studies : No conclusion can be obtained from these experiments.

Pb Zr 0 . 2 3 Ti 0 . 3 7 (Nb 2 / 3 Nij/ 3 )0 . 4 03 (PZT NN) Table I

Influence of Pbo excess on electrical characteristics

POWDER PREPARATION A/ I a () 33

Ceramics manufactured following the preceding formula 1.0 4050 1.5 S0

are quite dense, but their microstructure is not very 1.01 3840 1.7 450

homogeneous, probably due to the bad grain size distri- 03 4450 1.6 610

bution of powders prepared by the solid process. Hot 1.04 3650 2.1 140

pressing sintering does not improve significantly cera- -

mic texture because powder grains obtained after the

9500 C calcination are not malleable enough, even under * Precipitation pH
an external pressure. Table II lists er' tanS and d3 3 coefficients for ce-

Homogeneity and absence of porosity can be greatly im- ramics prepared from powders coprecipitated at va-

proved by a liquid preparation process coupled with hot rious pH values. A pH around 8.1 seems suitable for

pressing. Powders preparation process by multiple oxa- correct material manifacturing but some ceramics are

lates coprecipitation was already described [3][4]. In not homogeneous.

most cases it allows insoluble multiple oxalates to be

obtained. However in PZT NN presence of Ni poses pro-

blem because it makes up complexes with ammonia. There- Table II Variation of electrical characteristics

fore this element is introduced separately as oxalate versus precipitation pH

and mixed with the other coprecipitates to form a high- PH 7.6 8.1 8.8 9.3 10

ly reactive oxalates mixture.- 
I - -During PZT NN manufacturing some difficulties concer- Er 2910 4530 3280 3360 3090

ning a good reproduction of piezoelectric constants we- d33 pC/N 460 660 390 410 330

re encountered. So the part played by various factors 1Stan6 1.6 1.8 1 .5 1 .6 1.7
along the process was successively examined. t 18 1
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* Chlorides presence Table III Specific area of the final product
When niobium is introduced directly as NbCI 5 in aque- as a function of precipitation pM
ous solution of oxalic acid a small amount of PbCl2 |

can be formed which is found again more or less in Precipitation pR 7.5 8.1 8.8 9.3 10.0
the precipitate according to the amount of washing Specific area m2 /g 0.68 0.84 1.04 1.28 0.91
water used. As PbCI 2 boiling point is 950' C its loss

leads to large porosities in ceramics, causes also

occurence of Pb vacancies and makes pyrochlore phase

more stable. - ... "

In order to eliminate Cl- ions in the coprecipitation M.

medium, niobium was introduced as hydroxide newly
prepared by precipitation from niobium chloride. Ho- 5 0

mogeneous and reproductive results are then achieved.

To conclude, powder preparation of PZT NN is given in

Figure 5.
C)

- - - - 100 10 1 0.1
L .PARTICULE SIZE (tua)

Figure 6 Grain size distribution curves
for various thermal treatments

Agit.1 Figure 7 shows the microstructure of two ceramics ob-

.1~ .. tamned by natural sintering (12400 C/6 h) of powders

t ".--.U ,prepared by the dry cr wet process. It can be noticed

Sthat the texture of ceramic prepared by coprecipitation
Mb---- -h is better with smaller grain size. However it stillj -isn't sufficient for achievement of a low porosity ma-

terial resisting to thermal and mechanical agents deve-

loped during machining. Sintering under uniaxial stress

(about 2 MPa) is necessary.

(a) 10 t = (b)

-..v 4 r. Multople 50.81Ste. '

Figure 7
- Microstructure of ceramics prepared by a solid (a)

or a liquid (b) process and natural sintering

Table IV gives F,, tan&, d 3 3 values according to the

manufacturing process. This table shows that hot pres-

sing sintering, essential for mechanical quality of ar-
rays, improves also notably fr value, corresponding to

user's wishes. Table V summarizes the main characteris-

tics of the ceramic material
Figure 5 Flow sheet of the preparation of PZT UN Pb Zr 0 . 2 3 Ti 0 . 3 7 (Nb 2 / 3 Nij/3)0. 4 03 prepared by copreci-

pitation and hot pressing sintering.

CERAMICS MANUFACTURING CONDITIONS IMPROVEMENT Table IV Dependence of ceramics characteristics

on manufacturing processTo improve the microstructure of powder prepared accor- vs = sotid process, V L = iquId proce s
ding to the preceding process, influence of coprecipi- FN = natural sintering, FC hot Press-'g sintering

tation pH on the specific area of the final product was
studied. The results are compiled in Table III. Study VSFN VSFC VLFN VLFC
of the thermal treatment temperature influence on the t448 5
particule size distribution given in Figure 6 shows

that the difference between 800 and 900*C is not very d3 3 pC/N 610 640 640 650
large, but 9001C is better for minimizing pyrochlore

phase amount before sintering. tan6 (%) 1.5 1.8 1.7 1.7
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Main coeftficiets of coprocigptatod and hot pressing

siaterod Pb~r0 . 2 3 Ti 0 .37(Nb 2 1/3i* 1/ 3 ) 0 .4 03 coeposition

d33 1 variation
E/N k botwoee

~,tan& k33  be1wQeI
i• P! 33 kv/m 2: 125 and 25'C
(%t) pC/. kVrc/mn i oC/

53001 1.7 640 0.73,0.391 1 0 70 160 40

CONCLUSION

Ferroelectric ceramics of the system x PbZrO3-Y PbTiO3 -

z Pb(Nb 2 1 3 Ni,/ 3 )0 3 exhibit the uest piezoelectric coef-

ficients for x = 0.23, y = 0.37, z - 0.4 as determined

by a solid preparation process. Powder preparation con-

ditions by a coprecipitation method in oxalic medium

were examined and a fabrication process is given. Hot

pressing sintering still improves electrical and mecha-

nical ceramics quality and allows achievement of mate-

rial with a large value of Er (5300), high d3 3 and k3 3

constants, along with a not very important temperature

variation between 25 and 1250 C in view of a 1800 C

Curie temperature. These properties make this material

promising for high frequency medical ultrasonic imaging

transducers.
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The actuator shown in Fig.lI is to construct a kind of lineai displacement shown in Figs.3 and 4. By repetition of operation
motor. The direction of their motions, in any cases, can be easily shown in Fig.8, the rotor rotates with a specific feature of a small
changed b)y the input voltage wave form. angular displacement.

Of coirse, other constructions of actuator will be possible. Experimental results of this prototype motor are s.Iuwn in

Figs.9 and 10, where the revolution were measured by changing
the input voltage wave form; that is, the length of b(= N - Al) and
C(= B - N) in the wave form shown in Fig.9(a) were changed mu

Rotary MotoFigs.9(c) and 10, respectively. Direction of rotator rotation could
stay oto easily be changed by the reverse displacc..,,nt sh-vn inl lig.I)(b).

In Figs.9 and 10, characteristics presented by signs of 0 -O and
A Itiolotyte rotary inot or is shown in lFig.7(b). A-A are ones in a different direction of rotation. It is fomund
liezohlecttic ceramics are bonded on the reverse side of a that alnost sane characteristics couhl be obtained even if the

stator ,as ihowmi in Fig.7(b) so as to excite only one1313 resonance direction of rotation differed. Ilowever, we lo't understand why

o th eeo the direction of rotation changed, increasiug time length of 13 and
\\'he to tin in put voltage wave form in Figs.2(a) or (b) is sulp- C without change of polarity of lisplameineit in Fig Q(b) The

plied t1 silm a stator disk, the plosection teeth operate promptly specific feature of this motor was found to be that the piototype
as shmol ii inFig.S( a in thc first stage and in the next stage, they motor (lid not radiate unwanted noises, because the stator disk

i(,itn geitly to tie stat e of start according t.o the asymmetric was driven, taking into account no residual mechalacal vibration

DIRECTION of it.
OF MOTION PRESSURE

- • ROTOR
n n n.r

L, . STATOR

e� t b UA B

I It 8dEcK+U
NDAL LINE ED0

0 TNT BT RT t \ ' U
PROJECTION-TOOTH

(a) (a)%Voltage. (b)Displaccment.

PROJECTION 2

120' ,.. 120 + 1
1 ~'

5 REVERSE SIDE _ +U

3P I EZO 5 / o

CERAMICS C 0 i
(b)

l'g7 p'a o t moi I)0 /•I, i \ / x-A ,\ -

Fig.T: ippl;(ation to arotary inovement device (rotary motor). -. ,

-0/ 0 0

_________ ROTOR _______-15 -M=0. 5 I0, 03(M SEC.) d=0. 98

S- " ' - I + ! ., • ', • " -..........- 2 0 1- ... ...1
_ 'STATOR 0 0,1 0,2 0.3 0.4 0.5

VIBRATOR b (=N--) xT

(;v) (b) (c)

Fig.8: Operation of stator. Fig.9: Revolution characteristics.
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20 1 1

15 M=0.5 (1+ d )E0=14O(V) FLEXURAL VIBRA -TOR

15- N=1.0 2 - o 20(kHz) Q-_10

,0.0,00 PRESSING FORCE: 75(9f)01
0- 0 0 + 0ý R- ~ ~ -

0. \+
0 0'

5 
I-

M=O.5 N=1.0 d=0.98 *
LU B=4.0 T=O.05(msec.)

-10u 150 200 250
10 '~~-t~VOLTAGE (V)

-15 Fig.12: Measured characteristics of the lineat motoi shown iin

-20o Figl.1.

0 0.1 0.2 0.3 0.4 0.5 brator. One example of experimental results are shown in Fig, 12.

C(= M-) xT Although the operation in the double-trip were a little different

Fig.0: evoltio chaactristcs.in this case, it is found that thle linear motor having a small dis-
Figl: Rwoluionchaacteistcsplacement can be constructed.

Linear Motor
Conclusions

The same operation principle as mentioned above was
applied to the prototype linear mnotor shown in Fig.11(b), We proposed a new excitation method of a piezoelectric vi-
where the dlimensions of the vibrator and Projection- tooth were bration without residual displacem~ent to achieve time asymmlietric
35.0 x8.Oxl1.5(mnin 3 ) and 8.0x2.5x1.5(mm 3"). The vibrator was displacement responses as a function of tin, clapsed, and minore-
also driven piezoelectrically by the input voltage wave form shown over we presented its appllication to construct an actuator. That
in Fig.9(a.), under pressing force to the center nodal line of time vi- is, the analytical results of such operation of actuator and thle

experimental results were dealt with in this paper. Hlereafter,

FLEXURAL we want to investigate piezoelectric actuators using such a pile-

DRCINPIEZO-CERAHICS VIBRATION (2ND MODE) nomenon and improve their characteristics further.

OF MOTION PRESSURE

Reference

________________________________[1) K.Uchino :Pi-ezoelectr-ic/'Electrostrictive Actuators, Tokyo,

~ Morikita Shuppan Co. Ltd. (1986) [in Japan-ese].
GUIDE-RAIL

[2] C.K~usakabe, Y. Tomikawa and T. Takano :"Hligh-Speed Ac-
(a) tuation of a Piezoelectric Actuator by Pukse Driving and Stop-

ping of its Residual Mechanical Vibration", ]EEE Trans. on

PI1EZO-CERAMI os UFFC, Vol.37, No.6 pp.5 5 1-55 7 (1990).

[3] T.Higuchi, Y. lojjat and M. Watanabe : "Micro Actuators

METAL Using Recoils of an Ejected Mass", IEEE, Micro Robot and
.......... Teleoperators Work-shop Proceedings, Nov.( 1987).
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(b)

Fig.l1: Application to a linear movement device (linear motor).
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HIGH TORQUE ULTRASONIC MOTOR USING LONGITUDINAL
AND TORSIONAL VIBR.ATIONS

-CHARACTERISTICS OF THE MOTOR WITH A REVOLVING TORSIONAL VIBRATOR
USED IN COMMON AS A STATOR AND A ROTOR-

Manabu Aoyagi, Atsushi Satoh and Yoshiro Tomikawa

Department of Electrical Engineering and Information Science, Yamagata University,
Yonezawa, Yamagata, Japan 992.

This paper deals with construction and characteristics of the force between the rotor and the stator. This method still has
ultrasonic motor using longitudinal and torsional vibrations: the such problems that the frictional material used can't bear a very
construction is aimed to achieve a high torque motor. The feature large frictional force and the longitudinal vibration mode is also
of this motor is that the torsional stator vibrator is used in com- fairly changed by increasing the rotor pressing force. The other

mon as a rotor and revolves about its length axis. Experimental is to increase the diameter of the stator vibrator. Generally, in

results have revealed that this type motor is suited to construct this case it is not so easy to produce a large diameter stator
a high torque ultrasonic motor. In this paper, some detailed data vibrator using the longitudinal or torsional vibrations. This is the

of the prototype motor are described, reason that this type ultrasonic motor with a large diameter have
not been reported until now. To break through the problems,

Introduction authors have tried to construct a high torque motor as mentioned
below: the diameter of the ultrasonic motor dealt with in this

An ultrasonic motor is investigated actively up to the paper is set twice as large as that reported before[3] and the
rotor pressing force of it is also made larger than reported before.present. Output power per unit volume of an ultrasonic motor

is generally larger than that of electromagnetic motor because It is found as the result that the prototype motor could perform

mechanical vibration is used in its operation Accordingly, in the characteristics of the maximum torque of about l~kgf-cm and
the optimum efficiency of 15%.

the same volume, the ultrasonic motor can generate large output

torque in comparison with the electromagnetic motor. In other
word, the ultrasonic motor is also expected as a powerful device Motor Construction

in a small size.
In this paper, the authors deal with the large output torque The construction of the ultrasonic motor made as a trial is

ultrasonic motor using longitudinal and torsional vibrations, shown in Fig.1. The motor is fabricated by two bolt tightening
Some ultrasonic motors constructed by combining these vibra- langevin-type vibrators; one is a longitudinal vibrator and the
tions have been reported until now. [1][2](3][4] In them, this other is a torsional vibrator which is ased in common as a rotor.

motor has such a specific merit that a torsional stator vibrator Moreover, radial and thrust beariags, two insulators, and a shaft
revolves as a rotor, too. for supporting them are also used together with a few springs of

It is thought that there are two methods in order to elevate disk type. In the torsional vibrator, the cylindrical bolt is used
the torque of this type motor. One is to increase the frictional

LEAD WIRE FT -MODE _L1-MODEE

THRUST BEARING i RESISTIVE MATERIAL(PPS)

LI3,5 414I1I3,5 25 I14141 2 J

Fig.l: Motor construction of torsional vibrator revolving type.
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inl 0 dei that tile vi hi ator Is pi esscd bV the spi ings at Iit insideC Pressing Force vs. Resonance Frequencies of

limit, ioiut mid is slIl0r )' b the- l,ci igs Wid tile .sbjtl III the Longitudinal and the Torsional Vibratimios

the iiiooi iiivestigatled lici, tile lonigitudinial Stiktul vibiator and

tile Lmoiuilon~ ,ie ill theý first tesouliace are used fi dile iiotor The characteristics of the longitudinal and tile toi sioiial vi-

OpiaJ~~tioii. It is Ideal that these tWo Vibrations of tile first reSo- brators, otider such cotnditiotn that two vibrators wele [Stessed

nance can be exci ted powetfl hly at the saimle di ving fiequency, ag-ainst to each other by springs, ate diffeietit front that of thle

'This conintiuii of excitation Is nuot always petlorined in practice. vii bators measured freely. The relations between tile resonanlce

Accorili gly, these two itisonatice f eqiieliicis actually need to bie frequency and the pressing force to the torsional vibrator ~ii c

(,lose to each othier. Coiisideriiig the coiiditioii of excitation, dile shown ill Figs.2(a) and (b). itI Fig.2(a) , the plotted tiari :,ize

length of both vibratot s itiade Its a triZAl for thle ultrasonic mnotor shows the mnagnsitude of responlse, and fI t epresetits the rest)-

wete ilete'inii icil as follows: the leng~ths are 35 .Oiiin mnd 58.Oztiti naiice frequency of tire longit udiuial vibratot anid fl-i I.(ilt ontAt

ill tile torsionadl vilirattOr atid thle longituldinll onle, r'lespe~ctvly, of the toisiotial vibrator. As shiown its lFig.2(b), it is fomitit 01At

The tratio of these leiig~tilS is near the soiind velocity ratio /C the relativity large responses detnotedh by its resoiiatice freqiuetiile4

of the loiigituidiuad and torisoniia vibratioii inl luialinin, where f" atid ifL exist;, fL is !awer- thtan fLt , atid ifL is hiigheie than it.

E is Young 'a Iulioiliis and (; is shear n10iuduhus. '[le diameter of 'Ihat is, both fL, and f-1t go Lip according to itucrease of thle force.

two vilitAti s is, setL its -10.t1ii1in. 'Fhe thickniess of oiie amiirilar typle Onl thle cotntrary, if atnd f" are tiot so changed by itcici asi g the

fptezoelectr ic cer aitiics is 4.0minit aridl two plates of such piezoelec-

tric ceranne-s ; ice used in riack vibrator in arcier lo excite thle fit-st 39 r-
resotnanice of bsothi vibratiois( LI atnd Tj modes). Thle frl~ictioalfL
material, which is; called PI 5S(thickness: 0.3nst), is adhered onl-
the surft~ce of thle torsiotial vibrator faced onl thle long'itudinal vi.T 0 0 0

brator. Moreover, the contact surfaces of the torsional vibrator0

alt[d thle longituldinal nile are tiniformlly rubbed with abrasives of 38
#400)l(graiit size: 3jitn). The longitudinal vibration controls the

constact betwveeni the torsionual vibrato ati the loftuia tT1 fL1
atid when two vibrators keel) inl contact with each other, the tor- o
siotual vibriator revolves reactively. Accordingly, the electric power ,

for excitationi of thle torsional vibrator was supplied through thle 37- f~
thrulst bvaiiiug actinlg as a ship-ritig.

Characteristics of Longitudinal and INPUT VOLTAGE 210 [Vp-p]

Torsional Vibratotrs 36 1 I 1_
0 10 20 30 40

The measured equivalent circuit elements of tile vibratots PRESS ING FORCE C kgfl
made as it ti i~i are shiown inl Table 1.- As the result, the resotmance

frequency of hotigturlital vibration is about 2.31dhz lower than(a

that of torsionial one.

4

Table 1: Measure~d values of thse ecluivalent circuit elements of

both vibrators.
LI- A-lODE Ti - AIODE

Q 410.88 201.28
fu tklHzi 36.40 38.60 Wi

Ylrn [ills) 23.56 37.13
I t (fi 42.45 26.93 ANTDOFRSNE

L, [tru111 76.26 22.30 2 Li t,
C (111` 0.25 0-76 fL

-1 15.46 5.83
Ku, [l 25.43 41.410

Q ult atr35 36 38 40 42 44 45

f,,: Resonatnce Freq~uency FREQUENCY hkiz]
V-u Motional Admnittansce
-y .a,pac:t: ore Ratio [Cd/C] (b)

K_ Electromechunical Coupling Factor

Fig.2: (a) Rtesouu~ncc fiequen v vs. pressitng force cluariuctet istics
atud (b) Admtittatnce responsses of L-ttoule tesotnances ii thue laise

of no pressing force applied.
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pressing force. Moreover, it was found that the response of ILl
was small, but the others were not so changed even if the pressing

force was increased. The authors think that the vibration modes
correspiondiing to the resonance frequencies fL,, and ff'l can be

illustratedI as shown in Pg.3 Accordingly, it is supposed that 40 , 20
the use of fLI 0 ode is d iffcuilt to drive the motor effectively.

03

'zZZ fL-OD
A

0 ~ -o 0

> 10 5

I" f=37.3[kHz]
____P SSPRESSING 33[kgfl

Fig.3. V'ibration modes collesponding tothreoac eqe-T R U [kfcm

dles fLl itldt fLl'.

Fig.4: Measured characteristics of the motor shown in Fig. I at
teoptimumr input power.

Measured Characteristics of the Motor

Load Characteristics [L7MODE] INPUT VOLTAGE 2101V)-pji
1--1------------------- --------- 9

Thle load characteristics of tile miotor were measured as 2 'HASE -

shoe n in Fig.4 , where the optimum conditions were Such that tO 
0: MOTO OERATION POINT

the dhiving frequency was 37.3klhz and( inp~ut power was 6 WVatt Z 2 Ow
(2 Watt Was fur the longitudinal vibration and 15 Watt was for

the torsional onie). As a reSult, the maximumn torque and the <

inaximoum efficiency were 9.4 kgf~cn and 14.3%, respectively, and ""-ADMITTANCE

the rotor revoluttion at the no load was 33 r p. in.. < -g

FREQUENCY [kHz)

Frequiency vs. Admittance Characteristics (a)

Figure 5(a) and (b) show measu~red input admittances of the

vibrators versus driving frequency at the conrdition that thle mo- rmT-MO E r ~ T OTAE 1311)p
Ltr opei ated actually, i.e. tile rotor pressing force was 33kgf, '74 L --------- 01 INT VOIG I3lpp

thle phase dlifferelnce of input voltages was in phase, and the in- E ADMITTANCE 9o)I

put voltage were 21OVp-p and( 13OVp-p in the longitudinal and W HS

torsionlal vibratois, respectively. In the figures, tile arrow marks z2 20
mean tile range ofirotor revolving at the measurement; that is, the < I-n
rotor revolved at the frequenC[cy range from 37.3kliz to 40.0kfiz t:

and Its optinium operation frequency was 37.3kllz as shIown by 0 ROO REOVING -

0 11imarks in these figures. This operation point was not thc res- < 0 1 1' 9
0 ~~35405

onance or alltiresonance points of thle long-itudinal and torsional fl71 FREQUENCY [kHz]

vibrations. Thme mol~tor could also operate in the neighborhood (b)
of the iesonance frequency of tile longitudinal and the torsional

vibrationls. HoIwever, ill thlese operation points, tile torqule and Fig.5: Measured characteristics of tlic input admiittance of time

efficiency cllaracte-istics w\ere inot only inferior to the operation motor in Fig. 4.

at the pouint IlarkCel by 9, b~ut at these operation points, it was
fOlIIni that thle ino0tom 6.iterated much heat.
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IN THE MODIFIED PbTiO -BiFeO 3SYSTEM
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Nanjing, Jiangsu 210009, P. R. China
**Shanghai Institute of Ceramics
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ABSTRACT In modified PbTiO3 -BiFeO3 system, there is a terial exhibits excellent electromechanical properties
morphotropic phase boundary(MPPB) between tetragonal and of high Kt and low Qm"
rhombohedral phases. The electromechanical properties
of ceramics with the composition near MPB were ex-
amined. 'Ihen the BiFeO3 content is within 57.5-60mol%,
there is mutation of electromechanical properties in
the modified PbTiO3 system, which is similar to the
PbTiO3-PbZrO3 system. In order to explain the mutation 50
on electromechanical properties, the microstructure,
domain structure and electronic diffraction of samples 40
were observed by SEM. It is found that the specical
microstructure, domain structure and one dimensional 30
superlattice presented in the samples are possible rea-

sons which result in excellent electromechanical pro- 20
perte•. tor the ceramics.

10
Introduction

0

In 1962, Fedulov S. A. etal. fisrt re-
searched the characteristics of pure PbTiO3 (P-)-BiFeO3 K_ _ _ _

(BF) system. They found that phase transition temper-[
ture of PT-BF solid solution almost increased linearly 30
with BiFeO3 contents increasing. In this system, There 3
is a morphotropic phase boundary between tetragonal and 20
rhombohedral phases. The MPB position is near 7Owt%
BiFeO3 . When BiFeO3 content goes beyond 25wt%, ferro- 10
electric phase and weak ferromagnetic phase coexist in
the solid solution below 400'C. They believed that the _

existence of weak ferromagneticphase destoried the good NL(H)
piezoelectric properties of PbTiO3 ceramics. But L. E.
Cross etal.[l] developed the piezoelectric application 220
of PT-BF system in 1985. By using proper processing,
They have prepared piezoelectric-polymer composites
with 0-3 connectivity for transducer application. They 2000
believed the spontaneous strain in PT-BF system is
among the highest for any piezoelectric material. This 1900
anisotropy on the crystallographic axes is the source
of the high piezoelectric coefficients exhibited )y 1800
those compositions. The anisotropy and its temperature
dependence are also the sources of strain of PT-BF 3,00.
crystallities. This limits the utility of these com-
positions in forming dense ceramics. I•00

In this study, relations among composition, 1500
structure and properties of modified PT-BF system were
investigated. The possible reasons why the composition T
near the MPB show the excellent electromechanical pro-
perties were approdched. 760

Materials and Methods 660

The chemical formula for modified PT-BF system 58
is [(Pb,Ln)TiO3]l-x-[Bi(Fel Mev)O3]x, where Ln=La, Pr, 460
Nd, Sm or Gd and Me=Mn, Fe, .b r W, x=0.2-0.8, y=O-
0.2. The main electromechanical properties of the sam- 360@
ples were measured by HP-4192A impedance analyser and
d3 3 meter. The microstructure, domainstructure and 260
electronic diffraction were observed through the thin
foil specimens with a H-800 SEM. 160

Results and Discussion 0 10 20 30 40 50 60 20 80 90

The electromechanical properties of Kt, Kp, Nt,
r, tg6 and d33 are shown in Fig.l. In each of the pro-
perties, there is a mutation when x is in the range of
0.5-0.642] The optimum properties of the sample in the
modified PT-BF system are listed in Table I. This ma-
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Fable T The optimui electromechanical propert ics of the .,api nlo tin .] . -

Ki p Kt
1 7

p QM~ Ci. .

5 10 .6 2 0 4 5 0 1 .5 i ,_

"N"-
IG

lFig.2 Sl'! it!o !hph
composition ne~ir thc 1'1 i000x 5tm) x

the specimen wit I _omp,- ti-1 nl'ir 'H[:B th11 t esc with
2' other compositions. ,' L ,t tii! t !I, t, ther 1dv l,,i , a

certain amount of domaiin ,in trQ tu m; - il' I f\

I of materilas lowes It, t, 1o'-:jll

wall energy of mate! 1W- i- i.,,s i,, , ,,nt of do-

mains is more. It -an 1,. I, O, t"', : d iiin-wall Oen-

ergy in, the '11"', ,oiiipo,,i ion it L -l, thaIn ttts o f
0 2•0 10 , 60 70 1-0 other composit ion atii thil hi J 1, ! i it I iaSWit.

E•F It,2. ,mo ; 1 This ii- correspond in, with It), _,! I J I -I, t 1 oll t

900 domain which means high : , Q,.

Fig.l Kt, Kp, Nt, r, tgO and d 3 3 vs. compositions
of modified PT-PF system

The microstructures of the samples with the
compositon near .IPB are shown in Fig.2. This is a very
specical microstructure that most of the grains look
like cubic and some of them ale rhombohedral.The grains
grow well and arrange loosely although there are little
pores. This microstructure is different from those of
PZT and PT ceramics and this may be a reason for high
Kt and low Qm"

Fig.3 and Fig.4 show the domain structure and
electronic diffraction pattern of the thin foil speci-
mens . It is found that domains are mcre intensive in

Fig.3 Domain structure of the spcimn with the

composition near 54"6 (A)I-MOx 7 ) 7 N
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Soc., vol.7k(4), pp. 5 9 3 - 5 9 8 , 1989.

B

~Pb

*Ti
0 Fe

Fig.4 (A) SAD electronic diffraction pattern of
(010) zone axis of specimen near ~1PB composition
(3) Scheme for ordered rnicroarea of modified
PT-BF ceramics

One dimension superlattice has been observed by
electronic diffraction spectrum(Fig.a.(A)). The ordered
.'nicroarea appeares extensively in the spectrum with the
composition near MPB. For the crystal structure of the
ordered microarea of modified PT-BF ceramics, d scheme
has been established, It is imagined that the ordered
microarea is a tetragonal structure with volume of cOX
2a0 x2a0 which consists of Pb2+, Bi3+ in A site and Ti

4 +

Fe3+ in B site of perovskite structure arrar.~ing order-
ly in a ratio of 1:l(Fig.4(B)). Superlattice in cera-
mics has obvious influences on electromechanical pro-
perties4[31 Therefore theseordered microareas might be
a structural reason of considerable electromechanical
activity of the ceramics with the composition near :IPB
in the modified PT-3F system. It agrees with the high
Kt anf low Q,.

Conclusion

The ceramics with the composition near ",PB in
the modified PT-BF system show excellent electrome-
chanical properties of high Kt and low Qm. A special
microstructure , more intensive domains and one dimen-
sion superlattice in ceramics may be a reason of remark-
able electromechanical activity for the ceramics.
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LARGE ANISOTROPY ON ELECTROMECHANICAL PROPERTIES OF
RARE-EARTH AND ALXALINE-EARTH OXIDES COMPLEX MODIFIED PbTiO3 CERAMICS

H. Wang, W. R. Xue, P. W. Lu, D 4. Shpn, Q. T. 7hang and 0. Y. Zhao
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Nanjing Institute of Chemical Techr ',

Nanjing, Jiangsu 21G009, P. r. China

Shanghai Institute of Ceramics
Chinese A-adamy of Science

Shanghai 200U50, P. R. Chi .a

The d'electric and piezoelectric properties, teat is shown in Fig.2. With increasing le amount from
:he micr, stiuctural developments and crystal struc- 0 to 15mo1%, di3 increases lir•early from 44x1()-1 2 c,/\

:ures of (Pbo 088-xdO *8Mex)(Tio .98inW& 00)03 + y(Sb203 to 70xlO-12c/N' then abruptly ialls down to %x10-1 2ci:
1 Nb2 0 5 )wt% (x=0-2Omoi%, Ov<1.5, re=Ca. Ba or Sr) when 20mol% Me was added. The appropriute amounts Of
were investigated. The results showed that the alka- doping alkaline-earth ions can pronouncedly enha-rct.
Line-earth ions content influenced strongly on the el- The anisotropic electromechanical coupling factor, i.e.
?ctromecLanical properties of the samples. '.!hen "e=15 increase electromechanical coupling factor ior thick-
nol%, the optimum properties presented: Kt= 5 5%, Kp=O, ness mibration Kt and decrease that for planar vibra-
't/K!p. Qm-60, 3 /e 0 <250, tg,<l.5% and d 3 3 =70Q10- 1 2  tion Kp. Fspeciallv for the sample containing 15mol'
:/N. The effects of the poling electric field on ýuch Me,Kt increaies up to 54% and lp reduces down to 0.
,roperties ,ere studied. SErl and XRD revealed that the However, further increasing of Me content to 2umol•
:eragiic microstructure changed obviously and tetra- will greatly lower the piezoelt'ctric properties of the
3onality (c/a) decreased due to the >e ions doper;. It samples.
,as suggested that both th- nicrostructure and crystal
structure are resonsible for such behaviors

Introduction g

Modified PbT;O3 ceramics has attracted much
attention in view of ýts e'cellent electromechanical
anisotropy and low dielectric constant. It is exppctel
to be a promising piezoelectric mpterials in the field
of nondestructive testing for metals(NDT) and ultra- 15'.
sonic medical diagnosis. 0. DuranflI] and Y.!to etal.[2] I
respectively re -arched on the electromechanical pro- 0 0 is
perties of alkalii.e-earth or rare-earth oxides modified mol% Me amount

PbTiO3 based piezoelectric ceramics and obtained

materials with large anisotropic electromechanical Fig.l Dielectric propertiest. /co and tg, vs.
coupling factor(Kt/Kp) and low dielectric constant, alkaline-earth ions content
Authors[3] of this paper have systematically studied
rare-earth oxides G(120 3 and small amounts of transi- -

tion metal oxides MnO 2 modified PbTiO3 ceramics(Gd-PT).
In this study, by adding alkaline-earth oxides in Gd-
PT ceramics, the dielectric, piezoelectric, crystallo-
graphic properties and the microstructure of rare- 5-
earth and alkaline-earth oxides complex modified
PbTiO3 ceramics have been investigated.

' 0
Experimental Procedure

The following compositions of modified lead
titanate ceramics were prepared by conventional piezo- 10
electric ceramics technique: (Pbo.38_xGdO.Og8ex) Kt
(Tio.0 9 8Xno.02) + y(Sb203 + Nb2 O5 )wt%, where Me=CaZ+,

3a2 + or Sr 2 +, x=O-20mol%, O'y<l.5. Applied with fired
silver electrodes, these samples were poled under an Kt
electric field of 50 to 60kv/mm in 120C silicon oil 30
for 15 minutes.

The piezoelectric and dielectric properties of 20
the samples were measured according to IRE standard.
Crystal structure was examined with XRD and IR methods. 10
The micrographs of the sample were carried out by SEM. 0 5

Results mol% Me content.

Fig.1 snows the effects of the alkaline-earth Fig.2 The dependence of d 3 3 , Kt and Kp on
ions Me amount on the dielectric properties of the Me content
samples. As can be seen, with the addition of He con-
tent from 0 to 20 mol%, the relative permittivity Electromechanical properties of the piezoelec-
';•3/0 increases from 145 up to 350. When lOmol% Me is tric ceramics strongly depend on the poling conditions.
employed to the composition, the dielectric loss In this study, the specimens with 15mol% Me are chosen
factor tgb presents a special maximum, but other ad- to examine the effects of the poling electric field on
ditions of Me will reduce value of tg3. The dependence Xt, Kp, d 3 3 and Qm' as shown in Fig.3 and Fig.4. As the
of piezoelectric properties d33, Kt and Kp on Me con- poling electric field intensifies, d3 3 and Kt mono-
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)nically rise and K p is zero in thp whole poling pro- caused: (1) If k is constant be-
?ss. When the ooling electric field is 3KV/mm, Qin tore and after the doping of Me

ýaches to the (iaxiiwn, and further increase of the ions, the reduction of 5 which
)iing electric fi,id will result in tthgradual decrease iniluced by the ITO) ottatiedionpS

fQm- As a resuit , the s,[ieciin is obtaini-Ni with moderate ailipres~ion distoitian and tht-
I kali ne-cart h a il are-etart tiox i ls and approprilate decreast of c/'a rat i, 1 1 do-

uig letric field, and pr~-;ents K KpO =0,j3' c reas, "S -Ijiu. ( ?- a
.)xllf~~~ r.~ m

t 0  
0 'l.$ n , !r< 2i bein,ý ýcb~t ituted tiý 1j:1

, I at a r po ci~i 1 1. I tI

I t '.i t II it V 'I, 1

.1 3 ri-it ,,c ooitrh > I -

li~ he Cdi tI I 1! it-i 1

c Ite tr Noiaeti:7, 1 1Zc eiri I

no Lit i It I, and I~n t t Iot n int IaIt

atI' io rat at ir Sin I e r .i.I
1
iit i ia iI oii I riai .I ) d i 11 :0-i

I-f itlri io irld a i it ti hi et I oc

of P,. Pt, teslilt in:" 'Ai l e,1
tha t t t " i lit i1 ii prI - I II It Ii it

rf rrt - i ý-t w itm ni r e~i-in.
Fig. 5 11, spectra ol aflairit.

ky/n it~~A ,a(bL~T ,rl)) A. ortin t,)I the I (,r rio-

I ig.
4
l Eie itependeni e at I the pal ing (b)(Pb,Gd,2Ie3 > Is) electric i - cta-c.. fr

electI r I(-tjeld (Ti ,'-in)03 pi/aliU tilfli s51-

(c )(Pb,Gd,?1e 0.20 )il*3~ r
ltv aiialIvsiiig .6))l) pat torn, oiri I R spectra of (T,;n()0 3  where c i - , lct rast r i t i'

hvsamples, it is faund thalt the lit tice idistortion
7esii ts from the lopingz ilal~Ii nc-,irt h ions. Compare coefficient and is an approximate

aeh lat tice, paramct ers aof t hc spýc i men with I 5roI% 'ýeN
vith those cit (;d-PT ceramics, c dec reases from 0.41274
im to lJ.4lc6 

4
nm while a reduces fram it. bTMlnm to

). 386-hnm aind c/a tait to alIso dtecreases from 1 .059 to
1 .050. From the IR spel t ra ofi the samplos, as shown in
-lg.5, it is observed that lap i to alkal ine-earth ions
-an change the stretching vibr it ion ol [Ti0 6] octahe-
Ironis, fiat is, the absoat p ion polk at 560curI- moves
-o t) i)cm-I and the peak at 7( 0, P) 'I isappears.

Fig ,.6 shows the micro._raphs of the micro s truc-
-ural idevelopments of the spaý inens with variable 'le
-ontent. As can be seen, with incrleasing 'Te content
Fram 5ma 1% to 2t0mo I 7, thte regci I ~ir pal vgorious grains
vith ocnaverage grain size of approximate 41Anigradually
ahange into thte coni ala-c ant ac irregular grains with

in averagZe grain size of 2)Ani. (or re'ptrd ing to the var ia-
*ion, a wide ilistrihiit ioni at lgr ain s' is gradjamly
~oimed. Rather typical lv, tar Ilte sample with Il5mol%
-le, the microstrUrtural densitv is smlaller than those "
if the cither twa compositionus. Looselv ragn

,rains, broad grain boundaries arid porosities can be
)bserved in t -sample.

Discuassiton

Spontaneous stra:- ,S as a paraneier of crystal
itrc.ýtire is taken into a~ct tint. Foar the ferroelectric
ýetragonal phase, 5 is related to c/a-I . According to
:he theory of ferroelectric thermodynramics, a relation-
3hip between 5 ) antI spontaneous polarizat ion I's is Fig.6 Scanning electron microciap'is of the samples

yien by 5=~kP5

2
, where k is a tonstant. After the alka- (a) doped with 5no1% 'le (b) 'doped withi l5nol' '!e

true-earth oxides are, inducedt, two effects will be (c) doped with ?-OinoI% 'Ie.
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,nstant for perovskite structure, Pr is the remanent

'larization which is the product of both factors,
,mely, the number of donaisis aligneu in the direction

the electric field and the value of Ps. After the
nple are doped with ý1, icons, inspite of the reducing of Ps. the

imber of 90" domain rotation greatly rises, which is
*e to the decrease of coercive field Es caused by the

a reduction. Finally, Pr is increasing. In paticcular,
ie specimen with 15mol% Me presents a microstructure
th broad grain bouadariev and more porosities, and
ie microstructure acts as such a smaller pinning ef-
,ct on the domain wall motion that the number of 90'
-main rotation will be more. Thus Pr increases and so

.es r . As a result of these factors, with the doing
ions amount increase, d3 3 rises linearly aid shows

maximum when the specimen containing 15mol% 'Ie. The
idition of excess 'Ile ions causes d 3 3 to drep abruptly,
obably due to the reduction of Ps being dominant.

Although the mechanism of the electromechanical
isotropy for modified PbTiO 3 ceramics is not clear,
,me studiesIll have shown that the large electrome-
ianical anisotropy(Kt/yp) and Kt value are usually re-
ited to a low c/a ratio. The present work also indica-
's that when 15mo!• `e is doped, K approaches to zero
id Kt reaches to the max Lnium of 542.* Correspondingly,

ie c/a ratio is 1.050 and microstructure with wide
rain boundaries and more ptrosities is occurred. The
"vstal structure and microstructure can give rise to
ie maximum anount of domains aligned in the direction
Selectric field applied. So the distribution of do-
ins in the direction of electric field is an impor-
iot factor in improving the electromechanical aniso-
opy.

The dependence of the electromechanical pro-
ýrties of the samples on the poling electric field is
tuallv that such properties are as a function of the

winber of domains aligned in the direction of poling
ectric field. With the increasing poling electric
eld, the amount of domains paralleled to the poling

ecvric field increases and the electromechanical pro-
,rties are improved gradually.

Conclusion

1) A moderate amount of rare-earth and alka-
ne-earth oxides combined modified PbTi0 3 ceramics ex-
bit an extremel, high anisotropic electromechanical
)upling factor.

') The lower c/a ratio and the microstructure

th wide grain boundaries and more porosities can
,ad to the increase of domains paralleled to the poling
Lectric field, and hence improve the electromechanical
-operties.
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In this work tetrabutyl titanate and lead ace- Preparation of Ultrafine Lead Titanate Powders
tate are used as the precursors to prepare ultrafine
lead titanate powders through sol-gel process. The re- The preparing proce&dr is listed as following
suits indicate that powders with high puritv(PbTiO3

concentration 99.67,:t%), small particle size(average
particlo size O.lum) and narrow size distribution can Pb(CH3 CO2 )13H 2O Ti(OCH 9)4
be obtained via sol-gel process. The sol-gel derived
,,el highly crvstalized after heat treated at 400'C for heat to 190*C
2 hours. It is also found that Pb(C' Co,)., can be ef-b 3

fectivelv dehydrated at 190'C for several hours. 3

1fTRODICT1O:' add absolute
ethyl alcohol

Lead titanate piezoelectric ceramics is a pro- and ethylene
mising material due to its high Curie temperature, glycol
large eletromechanicai cuupling factors and low dielec-
tric constant. However, PbTicl 3 pTeOf"i via conventional [alcoholic solution of Pb(CH3 CO2 ) 21
methods exhibits poor sintering behaviors. This owes
primarily to the high boundary energy of its grains. _

Though modified lead titanate ceramics can be produced
by doping additives,[l][21 the Curie temperature and mix at stoichiometric
some other electromechanical properties are demaged to ratio
some degree. heat and stir

To obtain PbTil)3 ceramics with high performance Ecmplex alcoholate of lead and titanatel3J

and good reproducibility, it is important to prepare
superpure, ultrafine and narrowly distributed PbTiO3 cool to room temperature
precursor powders with high chemical activity. There add distilled water
have some reports on preparing PhTiO3 materials through ifadd drops of nitric acid
so]-gel processf3)14135] but few on preparing PbTiO.

precursor powders. As the most effctive method for ?he Sol

preparation of high performance powders, sol-gel tech-
nique meets the higher and higher demands for precursor
powders of today's high performance ceramics.

In this work the technological procedure of filtrate and wash with
sol-gel process for the preparation of ultrafine PbTiO3  distilled water
powders, which uses tetrabutyl titanate and lead ace- 3 heat to 80'C
tate as the precursors, and the characteristics of the
derived powders are investigated. dried gel

FXPFRIýIFTAL PROCPDURFS grind
heat treat at 400*C for

Raw •{aterials 2hrs

Tetrabutvl titanate(Ti(OC 4 )4), hydrous lead lead titanatp powders
,cetate(Pb(Cli 3 C'0 ) 2'3l1 2 0), absolute ethyl alcohol and

ethylene glVcol, used as supplied, arc the raw mater- The solubility of anhydrous lead acetate in ab-
ials in ths study, solute alcohol is increased because of the presence of

ethylene glycol. Furthermore, ethylene glycol in the
Dehydration of Lead Acetate system can reduce the hydrolysis rate of tetrabutyl

titanate to match that of lead acetate. The balanced
The hydrous lead acetate is putted in the hydrolysis rates are the basis of the homogenity and

evaporating dish and simply heated at 190'C for several purity of the obtained gel.
hours. The anhydrous lead acetate(Pb(Cli3CO )z) is then
derived. 2Tests and Analyses

-------------------------------------------------------. Phase analyses were performed with a D/max-rb
* project supported by the Open Research Laboratory of X-ray diffractometer on the dehydrated lead acetate and
High Performance Ceramics and Superfine Microstructure lead titanate powder samples heat treated at different
Studies temperatures. Thermal analyzer LCT-II was used to con-

duct differential thermal analysis and thermalgravimetry
on the air-dried PbTiO3 gel. The heating rate in these

CHi-30gO-O-7T03-(045-9,'2$3.0o)©IEEE 551



analyses was cont rolled to be 2110(/n'in. For the lead peak at 66
0T on DfA curXe a lon ,ith I -)- wight o,',s on

titanate powders heat treated at 400'( for 2 hours, the TG curve owes to the, ,:)!ttilizatiol on enthnol and Suter

particle size and appearance were obseved through a It- in the gel. The burint ,tot of the or4ln ic compounds and
800 electron microscope. The purities of anhvdrous lead substituents cause the heat release at 322-C on D1A
acetate and obtained lead titanate powders were deter- curve and a 20% weight loss on 11; curve. Another heat
mined by chemical analysis, release peak appears at 396°C on DTA curve aucoo':,pried

with no significant IF effect. This is caused by the
RESU7LTS AND DISC.SSIO('IS crystallization of PbTiO.3 powders at this temperature.

Dehydration of Lead Titanate Phase Analysis by XRD

Fig.l shows the XRD pattern ol the hydrous lead The XRD pattern for the obtained PbTiO powders
acetate dehydrated at 190T0. Only the anhydrous lead heat treated at different temperatures are shown in

acetate diffraction paks appear in the pattern. Chemical Fig.3. It has been enviced that the sample exists piin-
analysis revealed that the concentration of lead ace- cipally in amorphous state after heat treated at 300'C
tate in the dehydrated sample is 99.87wt%. The un- for 2 hours while 400'C heat treat promotes the crystal-
animous results of XRD and chemical analysis suggest lization significantly. The result shows no difference
that hydrous lead acetate can be effectivly dehydrated with TG-DTA analyses. Besides, the concentration of
at 1900C. lead titanate in derived ultrafine powders is 99.67wt"'

according to chemical analysis.

0 - " ".00

00-

1rg.l XRD pattern of dehydrated lead acetate

Differential Thermal Analysis and Thermalpravimetry for -

Dried Lead Titanate Gel

Differential thermal analysis and thermal-
gravimetry were conducted on the derived gel dried at 2?
80'C. The results are shown in Fig.2. The endothermic 21-

00

0

2::4050 000 0 •

Fig.3 XRD patterns for PdThyapowders (ad heat
treated at 300'C for 2h (b eat treated at
400'C for 2h

Particle Size and Appearance Observation thare sTneo

!(',

9C 3,, 517" 7rV

Te'peri , (r C")

Fig.2 TG-TA curves of the dried PbTiO 3gel Fig.4 TEM ptcroeraph of PbTiO 3 powders

552



The pirticlIe size and appearance of the ultra-
fine powder safmp Ie heait trieated at 400TC for 2 hours
were observed thiougii Ti-7, as sown in Fig.4. According
to the micrograph, the average particle size of the
sol-gel derived lead titanate powders is O.W~m. It is
also revealed that the powders are narrowly distributed
in size and ar soielr ica I and polyhedral in appearance.

[c~id ic et a te anbe etffec t i e Ilv dehyd rat ed
at jW"

2. eii t i I-ilanat, piecorsor powders for ceramics
with higzh pull ii v r pr it iv l sizei.nd narrow size
distyi but ion ,in 0 . ed itt 00 sol-qel process.

3.P" di 1ha, titanate powders
crvst~llol t - 1kit ix!, lotver te.-perature.

1 ' I brn Pr, t,, [ I r electromechanical
anis;--toirli( nour t,

1 h,,i titelate cera-"ics,'' J. 'at.

SC i. , volI '4ý ýp !4ý4'12 4> ['1)

12 ',,etil_ Sýuface acoustic wave and
pieztuel' Cti x0.0 1C- Ve o'h :(i n ceranics
(Ln=r,.rc e, rth'), i . vol '2, poi.L479-4486,

I Y ixIjsi et il . 0  derived PbTiO3"
J. "a ' , T Ilt 10 1 , h pp '7) 66(f lt987

4 Du etlc al ., "St ructure of polymeric
PbFiC, gels," -1.' ~' Soc. , l .70[1O], pp.C295-
(10f6, ' 1,ýiý

1 7 1.". Thekeva otr! "S'ol cc] processing of
lead it e r inte in 2-'eCioxvethanol : investiqations into
tie nritlre of tlf s1pri~i~,donlutitons," J. Am.
Cerarn. :oc. , ol .l , pp 1 'Vt (232 Pý88i
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DEVELOPMENT OF PORTABLE DC VOLTAGE STANDARD USING PZT's

Mohan Lal

Materials Division
National Physical Laboratory, Dr. K.S. Krishnan Road, New Delhi - li0 012 (India)

ABSTRACT In author's view the compensating charge can
come from the floating charge (of both polarities)

A method has been developed using poled present in the atmosphere and from electrical
lead zirconium titanate (PZr) ceramic by the resistance across the PZT if any. The electrical
application of charge recovery technique. rhe load will supply mobile charge carriers which would
charge decay is due to compensating charges coming move to each of the PZT faces (having the opposite
to the PZr surfaces from the atmosphere and/or intrinsic charge) under the driving voltage of the
ny electrical loading of the these charges poled PZT itself and compensate this intrinsic
screening the intrinsic PZT chargt. In this paper charge, all this resulting in the PZT becoming
PZT decayed chargeF. ully recovered by the charge inoperative.
reactivation proces- and found constant voltage on
the PZT. Thus , overed dc voltage of PZT made Basic premise in our thinking is that
use of development of dc voltage standard for compensating charge coming to the PZr faces through
intercomparison at constant temperature. electrical loading or otherwise screens the intrinsic

PZr charge but does not destroy it. Hence the
INTRODUCTION PZT is only apparently decayed its charge but is

not really so. rhe question now arises, can the
Lead Zirconium Titanate (PZT) is being screening charges be removed, thus reviving the

commonly used in pressure transducers for dynamic PZI charge or voltage? The answer is fortunately
applications, such as for producing yes as provided by the charge reactivation
micro-displacements for laser cavity - adjustments techni-que.
and other transducer applications [I1. There is
now considerable interest in the area of EXPERIMENTAL
ferroelectric materials for use as non-volatile, high
speed random access memories (FRAMS) [2]. Among In our experimental work, either PzT discs
the many types of ferroelectric perovskites, PZT of diameters about 22 mm and thickness 3 mm were
class of ferroelectrics are being used for FRAM used or PZT cylinderical bars (originally designed
type applications. For such applications, PZT's to be used as gas lighters of dimensions 15 mm
also need to have good resistance to bipolar voltage length 6 mm diameters of top and bottom faces)
cycling (fatigue resistance); good retention of were used. PZT faces were marked plus (+) or
polarisacion states and resistance of ageing. In minus (-) corresponding to polarity of voltages
this paper we shall be describing a method of use applied to the faces for poling (necessary for
of poled PZT for dc voltage standard applications obtaining the piezoelectric effect for the PZT's).
for inter-comparison (at different countries). The Both the faces of each of the PZT samples were
proposed method is based on the electret nature silvered. It was observed and found that positive
and application of charge activation or recovery voltage on the face marked (+) could be apparently
technique. The charge reactivation technique is as in electrets, the positive electrode would orient
described in detail elsewhere [3]. towards it the negative charges of PZT or negative

electrode would orient the positive charges, even
It is essential and proper to describe here for this effect also there seem to be no clear

that PZr bars and discs Deing ased for dc indication in literature [61 that this would be so.
voltage standard were giving a self voltage [4] However, our results experimentally observed
which was varying with time and weather occasionally (face marked (-) shows positive voltage
conditions. It is difficult to neutralise or nullify and vice versa) was equivalent to the hetro-voltage
the self voltage would be varying in uncontrollable of the PZT operating as an electret. If this so,
way. Of course, for dynamic applications, the author forcefully concluded that opposing kind of
instant change in the self voltage or in other voltage, i.e. opposite t-o the hetro-voltage is
words, the voltage generated by piezoelectric effect nothing but homo-charge on the PZT faces. PZT
would pass through a capacitor produced in the either exhibit a hetro-charge or homo-charge or
PZT system and so these above mentioned dynamic even almost zero voltage depending upon weather
applications will not suffer for existence of a conditions. On our thinking, this fact due to
varying self voltage, screening of both hetro- and homo- charges

independently of each other, the net charge or
But the author observed rapid enough charge voltage is also depending on th initial hetro- and

decay in PZT and proposed a mechanism [5]. A homo- charges present before the decay began.
simple and practical method was evolved to
successfully revive decayed charge on PZT. Before By proper application of charge reactivation
describing the mechanism of charge decay author technique on the PZT disc or bar, the surface
noted that since the excess poled charge at and voltage of PZI increased towards the maximum of
near the surface of PZT is trapped to depth of the hetro-voltage. The voltage accuraately measured
1-2 eV and the aligned dipoles are rigidly fixed with the FET input voltmeter (Keithley Electrometer
up at room temperature, the intrinsic PZT charge Amplifier, 610 model) within the accuracy available
at room temperature is immobile and so far the (+ 10 ov). The fully reactivated d.c. voltage of
charge on PZT to decay, compensating external P_T was found constant enough. Thus, it was seen
charge must come to the PZT surface. In the that measuring the open circuit recovered voltage
Collowing is suggested how this can happen? of PZT on successive days for about one month

remained constant within the accuracy mentioned
above.
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In this method, of use of poled PZT for d.c. with electrets went a step further. The ceramic
voltage standard, all what one has to do at place (PZT) exhibited both homo- and hetro-charge in
of measurement is the application of charge recovery the proce. of contact reversals. The homo-charge
technique to get the maximum open circuit voltage must he due to charges transferred from the poling
for the PZT concerned and subject it to the relevant electrodes to the ceramic surfaces (in the act of
measurements afforded by the standards laboraLory poling) and getting trapped therein.
concerned at a pre-fixed temperature. The
constancy of temperature, is of course important CONCLUSION
because the open circu-L voltage of PZT is sensitive
function of temperature. It follows that this method A simple, portable d.c. voltage standard
for intercomparison of d.c. voltage standard would method has been developed, using poled PZT, by
become all the more feasible and practical if PZT'z the application of charge revival process. It was
of decreased temperature sensitivity, than those round that the maximum open circuit voltage of the
available at present, were developed. PZr has been recovered and measured within tne

accuracy (+ I0 P v). It was also confirmed by the
In principle, the electrets should also serve observations that the PZT d.c. voltage source

for voltage standardisation but this was not remained constant on different places.
investigated.

DISCUSSION OF RESULTS REFERENCES

The method is extremely simple in operation [i1 M.E. Lines and A.M. Glass, Principle and
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Here, it may be stated that, in principle, while Materials, Claren don, Oxford, 1977.
measuring d.c. open circuit voltage of PZT, the
PZT should be revived fully. A fundamental [21 R. Ramesh, W.K. Chan, B. Wilkens, T. Sands,
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of humidity in producing the apparent charge decay 1992.

may be discussed. The adverse effect of humidity [3) Mohan Lal and R. Parshad, "A Suggested New
is most probably due to electrical loading of the Mechanism of Charge Decay of Electrets and
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atmosphere and the shunting effect of moisture or 6th international Symp. Electrets (ISE6)
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(across the PZT surfaces). The charge reactivation
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due to the fact that, as has been mentioned above, "Piezoelectric Ceramics," Academic Press
the polarising external charges are as firmly London and New York, 1977.
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inherent surface charges uf the PZT faces. In [71 G.M. Sessler, "In Topics in Applied Physics,"
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The success of this method has one more
fundamental aspect in that a way has been found
for releasing the polarising but less strongly bound
charges present on the insulator surfaces. This
fact has also made the matter of using PZT's as
portable constant d.c. voltage sources.

Electrical nature of ferro electrics

The success of the charge activation process
enabled us to unravel the electret nature of
ferroelectrics, both single crystal and
poled-ceramic. By carrying out contact reversals,
both the kinds exhibited surface voltage and
therefore charge. For poled ceramics the analogue
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THE ELECTRICAL PROPERTIES OF ANTIFERROELECTRIC LEAD
ZIRCONATE-FERROELECTRIC LEAD ZINC NIOBATE CERAMICS

WITH LANTHANUM.

J.S.Yoon, V.S.Srikanth and A.S.Bhalla
Materials Research Laboratory,

Pennsylvania State University, University Park, PA 16802

Abstract After mixing in ball milling with alcohol for 12-14hr,
the powders were calcined at 800'C for 1 hr. Calcined
powders were ground, and mixed with 3w/o of PVA

The electrical properties of antiferroelectric lead binder, and were pressed into disk 12mm in diameter
zirconate(PZ) with relaxor ferroelectric lead zinc for cutting for the desired shape, and abouti mm in
niobate(PZN) are studied from an application thickness. The binder was evaporated during a
viewpoint of the field-induced phase transition near double steps heat treatment at 300'C for 2hr and
the morphotropic phase boundary. According to the 500'C for 2hr5 . Pressed disks were sintered at
addition of lanthanum, the curie point decreased
with increasing lanthanum up to 3m/o, whereas for sourc forh
AF-FE boundary it increased with increasing source powder.
lanthanum, Over 4m/o lanthanum, it can be find After sinteringd ceramics were alternatively cut and
paraelectric and antiferroelectric region. The effect of polished, and were coated with sputtered gold
composition of lanthanum and temperature on the electrode for electrical measurements.
dielectric, pyroelectric and P-E hysteresis are 2. Electrical measurements.reported.2.Eetiamesrens

The dielectric constants were measured at
frequencies of 100Hz, 1KHz, 10KHz, and 100KHz

I. Introduction over a temperature range of -80'C - 240'C by using
an automated dielectric measurement system with a

Most of the antiferroelectric or ferroelectric oxide multi frequency LCR meter and a desktop computer.
ceramics with relaxor are important for piezoelectric, A modified Sawyer-Towe circuit was used to
pyroelectric device application as actuators'- 3 . recorded the P-E hysteresis behavior of the samples
Among the vast range of perovskite structure at a various temperatures 6 . The electric field was
comp.'unds, solid solution compositions of measured by the X-axis of the oscilloscope, and
antiferroelectric lead zirconate(PZ) with ferroelectric polarization of the sample was measured by the Y-
perovskite give interesting piezoelectric and axis.
pyroelectric properties near their antiferroelectric(AF) The pyroelectric properties were investigated with
- ferroelectric(FE) phase transition and morphotropic the Byer-Roundy method 7 . To measure the
phase boundary. pyroelectric properties, one side of the circular

Lanthanum-modified lead zirconate titanate(PLZT) sample of thickness over 0.2mm was electroded by
ceramics have interesting electrooptic properties. gold sputtering. On otherside, a 5mm circular spot
Their electrical and structural properties were initially electrode was sputtered through a mask.
reported by Heartling and Land 4. Specimens for the pyroelectric property were poled

In this study, electrical properties of the by dynamic method in air oven with an electric field
antiferroelectric lead zirconate with a relaxor 30KV/cm at 185'C.
ferroelectric lead zinc niobate with composition of The pyroelectric and P-E hysteresis measurements
MPB, 0.929PbZrO3 -0.071 Pb(Znl/ 3 Nb2 /3)O3 , were were carried out to determine the saturate
investigated to the dependence of the change of polarization remanent polarization, coercive field,
lanthanum, PZZN-Lx ( 1 x 5). the depolarization temperature, and phase transition.

II1. Results and Discussion.II. Experimental Procedure. Figure. 1 is the plot of the phase relations of the
1. Ceramic preparation. PZZN ceramics. It was based on the dielectric

Ceramics were prepared by conventional sintering measurement, pyroelectric measurement, and P-E
technique used by reagent grade oxide powders of hysteresis measurement. According to the these
PbO, La2 0 3 ZrO 2 , ZnO, and Nb2 0 5 as a raw measurements, it can be divided four regions. Those
materials. To compensate for the PbO loss during are paraelectric, ferroelectric-HT, ferroelectric-LT, and
firing, 2w/o excess PbO was added. antiferroelectric region. The phase boundary of high

tem. ',. .,rp ferroelectric phase-low temperature
ferroelectric phase at -60'C was determined by
dielectric measurement. The boundary of
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ferroelectric - antiferroelectric for the P ZZN 930 - 935 ~*~V~/
was located at 70'C - 80'C and for ttne PUZN 925 -

928 was -50C - -15'C. For the room temperature, it . .

was divided by PZZN 928 - 930 with the large 1

change of the slope. This feature means that it can
be switch the phase from an antiferroelectric state to
ferroelectric state at the small change of temperature (a)
near the PUZN 928 - 930 at the room temperature.

Figure 2 was SEM photographs of PZZN-L.0 and
PZZN-L3. They show a dense and u.-iiform grain size
in the sintered samples. The samples were thermally
etched at 12000C for 30mmn and the average grain
size of P`ZZN-LO and PZZN-L3 were 4iim and 2gim,
respectively.

3 00

250 Paraelectric (Cubic)

S200

~, 150Ferroelectiic(HT)

1 00
'- 50

-50 VFig. 2. SEM photograph of the surfaces of the PZZN-
*..~t u.~L) L0a~,andPZZ-L 2(b) ceramics.

'100 The surfaces were thermally etched at 1200*C
935 932 930 928 925 for 30min. (bar= pm)

PbZrOj (mol%)
Phase diagram of ~o

PbZrO3 -Pb(Zni, 3Nb2, 3)03 systeM.

Fig. 1. Phase relations of the PZZN solid solution system at
the AF-FE phase boundary. ýooo-

Figure 3 shows the temperature dependence of the
dielectric constants for PZZN-LO and PZZN-L2 during 00 o o o 30

the cooling. The dielectric constant of PZZN-LO 'EPERRTLRE (OC) - RUN-LO

increased to peak value of 9000 at the transition
temperature, Tc=219'C. The dielectric constant of the (a)
PZZN-L2 show anomalies behavior at 700C and Tc
was 204G., This anomalies between the phase
boundary between the antiferroelelctrric phase(AF)
and the ferroelectric phase(FE). Over the transition
temperature, the ferroelectric phases were changed C

to paraelectric phase.
Figure 4 shows the temperatures dependence of the
dielectric constants for PZZN-L series. The transition__________
temperature of PZZN-L3 was 1840G, but Tc was - 00 0 20 00 300

increased with the increasing of the amount of 'EMPERRTURE A ZNL

lanthanum8. In case of PZZN-L9, Tc was 2350G. (b)
Figure 5 shows the temperature dependence of Fig. 3. Temperature dependence of the dielectric constants

the pyroelectric coefficient and the remanent for PZZN-LO(a) and PZZN-L2(b) showing Tc
polarization of PZZN-LO and PZZN-L2. The
measurements to find the phase boundary
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Fig. 4. Temperature dependence of the dielectric constants (b)
for PZZN-L3(a), PZZN-L4(b), PZZN-L6(c), and

PZZN-L9(d) showing To.
Fig. 5. Temperature dependence of pyroelectric

coefficient(p) and polarozation(Pr) of PZZN-L
composition were made during the heating cycle with ceramics:
a typical heating rate of 4'C/min, In the pyroelectric (a) PZZN-L0 (b) PZZN-L2
coefficient of the PZZN-L0 and PZZN-L2, two
pyroelectric peaks corresponding to orthorhombic-to-
rhombohedral and cubic-to-rhombohedral are clearly -.. - -...

observed at 80'C and 204'C. respectively.
The hysteresis nature was investigated using a

modified Sawyer-Towe circuit applying an ac field of
about 30KV/cm. Figure 6 shows the P-E hysteresis r

loops observed for PZZN-L ceramics at a various ..• .
temperatures. The samples of the PZZN-L0 shows .- --

the ferroelectric behavior and increase the coercive
field, Ec, and the remanent polarization,Pr, according
to the increasing amount of the lanthanum. The'" -:
ferroelectric of the PZZN-L system was highly (a).
sensitive to composition and temperature. Pr reaches = ,,- r,.." ;:..
a maximum value of 301pC/cm 2 at PZZN'L2" In the I••iP

PZZN-L3, if could find hysteresis loop at 1 45'C. It
meant that an antiferroelectric phase can be forced

remanent polarization and the field-induced .4
ferroelectric state is expected to remain stable even 4
after the electric field is removed. According to the "-
hysteresis, it shows AF-FE boundary is located L . . .. ,.
between PZZN-L0 and PZZN-L2 at 80'C, but = ,:,"' ''t'",,
between PZZN-L2 and PZZN-L3, boundary is 145'C. (b• (c)

Figure 7 is the plot of the phase relations of the
PZZN-L solid solution system. It was based on the Fig. 6. D-E hysteresis loops of PZZN-L ceramics at

dielectric measurement, pyroelectric measurement, vrostmeauesoigfrolcrc
and P-E hysteresis measurement. According to the (a) PZZN-L0, Ec= 15.9 KV/cm, Pr=21 .2iC/cm2

these measurements, it can be divided three regions. (b) PZZN-L1, Ec= 7.3KV/cm, Pr=24.51.±C/cm2

Those are paraelectric, ferroelectric, and (c) PZZN-L2, Ec= 5.98KV/cm, Pr=30.6/iC/cm 2

antiferroelectric region. The phase boundary for
PZ.ZN-L0 - PZZN-L2 was located at 80'C and for the
PZZN-L3 was 145'C. Over the PZZN-L4, there are
antiferroelectric and paraelectric phases.

558

I 2Jl m IOIIIIIII



7. R.L.Byer and C.B Roundy,"Pyroelectric Coefficient
___________Direct Measurement Technique and Application to

3- a NSEC Rlesponse Time Detector". Ferroelectrics,
3 333-338 (1972).

8. W.A.Schuize, T.G.Miller, and J.V.Biggers.
"Solubility Limit of La in the Lead Zirconate-
Titanate System", J.Am. Ceram. Soc., 58 11-21
21-23 (1975).

Fig. 7- Phase relations of the PZZN-L solid solution
system.

IV. Conclusion
1) It could be divided three regions:

paraelectric, ferroelectric, and
antiferroelectric region.

2) The curie temperature decreased with
increasing lanthanum up to 3m/o,
whereas for AF-FE boundary it increased
with increasing lanthanum.

3) Over 4m/o lanthanum, it can be find
paraelectric and antiferroelectric region.
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The DC Field Dependence of the Piezoelectric, Elastic and Dielectric
Constants For a Lead Zirconate-Based Ceramic.

E.F. Alberta, D.J. Taylor and A.S. Bhalla
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802, U.S.A.

T. Takenaka
Faculty of Science and Technology, Science University of Tokyo, Noda, Chiba-Ken, 278 JAPAN.

ABSTRACT This paper will explore the dielectric and room

temperature piezoelectric properties of PZNT and PZZN

Large pyroelectric figures of merit, F, and FD have been compositions near the MPB. Fore the rest of this paper the

found in the solid solution x.PbZrO3 [PZ] - y.Pb(Zn,,Nb,,)O3  PZNT(x/z) compositions with z = 0 mol% PT will be referred

[PZN] - z.PbTiO3 [PT] (PZNT). Previous work within this to as PZZN(x).

system has also shown a DC field induced ferroelectric-
antiferroelectric transition. This paper will further explore the
electrical field dependence of the elastic constant (sjE), 260-1 1 .

piezoelectric coefficient (d3,) and dielectric constant (K33) near 0 Por-oticl r"c

this phase transition. 240- w -c

200-
INTRODUCTION Ferrooleetric

• 160 -7 (Rhombohodtal-HTI

As sensor and transducer technology advances there is 0 Fe

an increasing need for smart materials, When evaluating
materials for smart applications, the weak field dependence of 80-

the dielectric and piezoelectric constants can be effective - Anti4f-rrelectric
0 4

guides. Earlier studies in solid solution system of the relaxor 8- (Orthorhombic)
ferroelectric PMN and the ferroelectric PT have shown strong - As

weak field induced piezoelectric effect. Antiferroelectric -20Rhombohd
materials have also been shown to exhibit this desired non- -60 FS'
linear response. It was for this reason that the solid solution of -80

the ferroelectric PT, and antiferroelectric PZ and relaxor PZN - 0100 96 94 92 90 90 66
has been chosen to be explored for possible use as a smart PbZrOs (mol %)

sensor material under weak DC fields.
Figure 1: PZZN phase diagram.

Solid solutions containing PZ have be widely studied in
the past due to the antiferroelectric [AF] to ferroelectric [FE]
phase transition and the existence of morphotropic phase EXPERIMENTAL PROCEDURES

boundaries. The system PZZN combines PZ with PZN. This
system has been shown to possess a room temperature Ceramic samples were prepared by the normal ceramic

orthorhombic AF to rhombohedral FE phase boundary a x - mixed oxide techniques. Samples were then thinned and
93% PZ. This system looks promising for piezoelectric and polished to a I-gtm Diamond finish and gold sputtered
pyroelectric applications with Fv = 0.31x10-10 C'cm/J and FD electrodes applied. Room temperature polarization versus
= 0.35xi0-8 C-cm/J, low coercive fields of 8 to 10 kV/cm, electric field hysteresis loops were then studied at 10 Hz using
large piezoelectric coupling coefficients such as k,,-50% and a modified Sawyer-Tower circuit. A silicone oil bath was used
remanent polarizations on the order of 25 to 30 ýtC/cm 2 . to prevent electrical breakdown during these experiments.
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The temperature dependence of the dielectric constant Since this equation is for an ideal resonator thK piezoelectric

was measured at various frequencies in a temperature range coefficients are assumed to be complex quantities i.e.:

from -I 0(C to 250°C using a computer controlled

measurement system consisting of a multifrequency LCR s,, = s,,I + j s"11 (2)

meter (HP4274A, Hewlett Packard Co.), desktop computer d3l = d'33  + jd"31  (3)

(HP 9816) and nitrogen fed furnace. Various DC bias voltages •33 = F'33 + J E" 33 (4)

were then applied to the sample by an external power supply.
The complex admittance equation is then solved by the method

For resonance measurements the samples were prepared described by Smits and latter by Damjanovic. This method

as long, thin bars with typical dimensions of 20 x 2 x 0.2 mm. involves an iterative calculation using an initial guess of the

Specimens were polished thin so as to allow the application of elastic constant and three values of the admittance near

fields between 15 and 20 kV/cm with 600 Volts or less. These resonance.
bars were then poled at 15 kV/cm for ten minutes at 100°C in a

stiffed silicone oil bath. All resonance measurements were RESULTS
made using an HP 4192A Impedance Analyzer.

(I) Hysteresis:

A summary of hysteresis data can be found in figure 3,

10 A this shows the room temperature AF - FE transition occurs
between compositions (93.2/0) and (92/0). It also shows that

/8the remanent polarization increases with increasing mol% PT,
7, ifor example the net remanent polarization increases from 0 to
- "30 to 38 lC/cm2 as the composition of PT is increased in the

,ý Vseries (93.5/0), (93.5/2.6) to (93.5/3.9). Low coercive fields on

the order of 10 kV/cm have also been found in all the
, 4 FE compositions measured. It is also interesting to note that

increasing the concentration of PZN enhances the "squareness"

2 of the Hysteresis loop (not shown here) which may have
AF •several device applications.

0*.-

FZ 0 2 4 6 8 10
F (mol '/0) 40 - - -

z=6 z=
3 

g 91 6

Figure 2: Room Temperature tlNr phase diagram. ... 0 Z=O

3_ 0 z-O

Z=O

The calculation of the real and complex compliance, s,, U
piezoelectric coefficient, d, dielectric constant, E33, and 20

coupling coefficient, k31 was made using the equation for the

admittance of a bar resonator (I).

10

2=5 z=2 4

Y =.W - M - " tan d( ps0)' (1) 2= z=1 9
• t 95 94 93 92(PSI) s,,t

where: molM PZ

w = width, p = density, t = thickness, Figure 3: Room temperature remnant polarizaton data plotted versus mol% PZ.

(o = frequency and I = length The line indicates the room temperature antiferroelectric to ferroelectnc phase
boundary. (z=mol% PT)
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(2) Dielectric Study: The influence of DC bias is also demonstrated in figures

4 and 5. The average dielectric constant at Tc for PZNT

Figure 5 shows the average maximum dielectric (93.5/2.6) can be seen to increase from 234 at 0 kV/cm to 238

constant at the Curie temperature (Tc) from heating and at 6 kV/cm. The bias field also causes a shift in Tc which can

cooling cycles as a function of mol% PZ. Maximum dielectrnIL be seen in figure 4. This shows the increase in Tc for various
constant decreases as the concentration of PZN is increased, compositions in the PZNT as the bias field on each sample is

Also, as expected, increasing the concentration of PT increases increased.

the maximum dielectric constant at Tc. The variation in Tc

with mol% PZ can be seen in figure 4. This, for example, The dielectric constant has been found to have only a

shows an increase of 10°C between PZNT(93.5/2.6) and PZNT minute dependence on frequency. However, it has a thermal

(93.5/3.9) which is an increase in PT of 1.3 mol%. hysteresis when comparing heating and cooling cycles,

especially at the lower temperature FE-FE transition (figute 6).

250 .

I3

12000

z-6 I PZZN-93.5
, 240 - zzz3 9 1 kHz

9 3000 No Bas

4

u 6000

> 230 L 5 z=2.6 zzl.6/
3. 0* U

I 8 Z=14 6- 3000 r- Heatrng

96 3 '. Coo3ng

0 00 I0

22 --- -100 -32 36 104 172 240
95 94 93 9. 91

mol; PZ Temperature (OC)

Figure 6: I)ielectnc constant for t'/Y'.N-93.5 measured at I klli with an
Figure 4: Average F,, at kHM. Superscripts indicate the applied bias in

kV/cm.,=nol'4 IT) no applied bias. Note the large thermal hysteresis in the lower

temperature AF-FI- phase transistion.

20000 r -

1 4 "12000
15000- 4 6 t-

-13 PZZN-93. 5
.'V I kHz

z--. 4 -. 9000 Coo ng

C

0 Z- 0~
10000 5 0

u .6000

5000 300.

0 -100 -32 36 104 172 240
95 94 93 92 91

Temperature (OC)
tool% PZ

Figure 5: Average maximum dielectric constant at T, measured a I kit. Figure 7: Dielectric constant for PZZ"N-93.5 measured at I kHz with an

Superscripts indicate applied bias in kV/cm. (z=mol%PT) applied bias of 0 kV/cm and 6 kV/cm.
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(3) Piezoelectric Study:

Figures 8 and 9 show the dependence of the room

temperature real piezoelectric coefficient, d'31, and elastic 15 -T ...... __

coefficient, s'1 ., on the applied electric field. Ihe zero f;-ld d,

coefficient was measured using a Berlincourt d33 meter and 12

was found to be approximately 50 to 60 pC/N for all samples

just after poling. d'31 and d"', both show approximately linear

behavior even in the room temperature AF compositions. This C 9

could be due to a field forced XF-FE transition during the

poling process, which was conduced at -100°C with 15 kV/cm • 6

applied for 10 minutes then cooled, with the field still applied, . AF
to 25 0 C. It is interesting to compare figure 4 and figure 8. IFE

PZZN(93.5) when poled at room temperature is not FE, as 3

indicated in figure 4. However, when poled at 100°C (figure
8) the sample is FE. This seems to be clear evidence that the 0 - .

FE phase is metastable at room temperature in the 93.6 93.4 93.2 93.0 92.8 92-6 9:.4 92.2

antiferroelectric compositions. 11101-1 PZ

15

- (9/6. 4) Figure 10: Real piezoelectric coetfficient, d'31, as a function of mol'.-

H.- -. This indicates the r,)om lemperature AF-FE phase boundary is

(3 between x=931.'7, and x= 91.2% IV.

(94/0)

S6
A _(92/1.6) To determine the position of the AF-FE boundary above

-----.---- * --.--... - .-. ;room temperature the samples were thermally depoled and then
(93.s/0) poled various temperatures. After the samples were poled their

0 ____)__, . .. , ....... , I _ I resonant behavior was observed, if none was found the process
0 4 8 12 16 20 was repeated at a slightly higher temperature. By this method

Elect Ditias Fiehl (kV/(*Jii) the AF-FE boundary was located.

Figure 8: Real piezoelectric co,1ficient, d'31, as a function of electrical
bias field for various PiYNT compositions. (All samples poled at TeIhcC.)

the compositions studied. The response is still, however, quite

linear with values between 2c' and 8%. Dielectric and

(93.5/0) piezoelectric loss were found to be between 2% and 10%.

. 8.5 -- • -. p - Mechanical loss was independent of field with a value of 0.3%

E , -V V to 0.5%.

n (94/0)

D Measurements were completed on PZZN compositions

of x = 92.5, 92.8. 93.0, 93.2, and 93.5 mol% PZ. From a

7.5 combination of these data the phase diagram of the PZZN

(921I.6) system has been refined. This diagram (figure 11) pinpoints

the AF-FE phase transition at room temperature to be between

0 4 I 2 I 6 20 PZZN(93.2) and PZZN(93.0). The paraelectric and
ferroelectric low to high temperature phase transition

DC Bi as F i e I d (kV, cm) temperature data was obtained from dielectric anomalies and
averaged between heating and cooling cycles of 5°C/min.

Figure 9: Real elastic coefficient, s'II, as a function of electrical bias Resonance and hysteresis data was then used to determine the

field for various PirNT compositions. AF-FE boundary.
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Figure 11: Experimentally determined PZZN phase diagram.

CONCLUSIONS (d) The PZZN phase diagram has been refined to show the

AF-FE boundary at room temperature to be between
Various compositions in the PZNT system have been PZZN(93.2) and PZZN(93.0). Also, after poling at elevated

studied to find their weak field piezoelectric and dielectric temperature, the ferroelectric phase has been shown to be
response at room temperature. Some of the conclusions that stable when cooled to room temperature.
have been made are:
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INTERFACES BETWEEN ELECTRODE METALS AND (Pb,La)(Zr,Ti)0 3 IN OXIDIZING ATMOSPHERE

S.Sugihara and K.Okazaki

Department of Materials Science and Ceramic Technology

Shonan Institute of Technology, 1-1-25 Tsujido Nishikaigan,

Fujisawa.251, Japan

Abstract of Ti in the PLZT. The present work was espec-

The interfaces between (PbLa)(Zi,Ti)0 3 cer- ially focused on the interfaces and wettings

amic and electrode metals such as Ag, Sn, Cu of In and Sn as far as the metal.

and In were examined by wetting experiments

under the atmospheres of air and 100 % oxygen. Experiment

The wetting experiments were carried out by The wafers of PLZT employed for the wetting

measurement of a contact angle during rising experiments were fabricated by Hayashi Chemi-

temperatures. The metals of In and Sn indicat- cal Co.Ltd.and their compositions are X=O.095,

ed obtuse contact angles every atmosphere. Cu Y=0.35 in (Pbx,.Lax)(Zrly.Tiy). For the com-

spreaded on PLZT in 100 % and in air re-lilting parison, the composition: X=0.12 and Y=0.60

in the reaction among Cu,PLZT and quartz plate were also used. The size of specimens is 14x14

somehow. Furthermore, the wetting behaviors mm and 9).5 mm in thickness. The surface rough-

and the cross sectional interfaces between ness of the substrate is 0.6 ARa in an average.

metals and (Pb,l.a)(Zr,Ti)0 3 were analyzed with The electrode metals are AgCu,ln and Sn. The

an electron probe microanalysis(EPMA) and the purity of every metal was more than 99.9 % and

bonding mechanisms were discussed as well. weight was 60-100 mg in a lump. The wetting

experiments in the oxidizing atmosphere were

Introduction carried out in the electric furnace as shown

The wetting study of an electrode metal with in Fig.l. The atmospheres are air and 100 % 02

ceramics and their interfaces are important at 105 Pa. The system of metal/PL.ZT is put on

from the view point of an ohmic contact with the quarts glass plate and the temperature

the electronic packagings, coating materials, rised up to more than a melting point of each

brazings and sealings. Especially, In and Sn metal. After the wetting experiments, the

have been employed as a transparent electrode system was mounted into the resin,then cut for

for (PbLa)(ZrTi)0 3 ( hereafter, PLZT). The flow

conditions that determine wetting of a molten meter

metal on a solid are not only of basic science situ h eate
tube000 )C Ar

but are also of importance in applications de- ga

scribed above. Since the oxide ceramic are not T

geerll wttdby metals, a glass is added aniy r ier g

to a metal to achieve wetting. Many studies

have been reported on wettings and reactions

in the glass-metal systems. 1 ),2) The effects Fig.1 The equipment of wetting study

of oxygen on wetting have been reported on the

system of Fe-O alloy and alumina substrate by taking photographs with an optical microscope

Nakajima et a!.,3) and the surface tension and in order to measure the contact angles, and
the contact angle of liquid iron on the A12 0 3  the cross sectional interfaces of the system

substrate were studied over a wide range of were analyzed with a SEM and an EPMA.

oxygen concentration.4) Sugihara et al. have

studied on the wetting of PLZT in vacuum. 5 ) Results and discussion

According to the study, Ag showed the tendency Wetting behaviors

of wetting behaviors depending upon a content Figure 2 shows the photographs of an opical

CH3OgO-O-7903-0465-9/92$3.(X)l©IEEE 565



microscope with the vertical cross sect ion for

the wetting behaviors for In and Sn on I'LZT

(9.5/65/35) in 100 % 0.Q . In started to melt at

158"C (melting point:156.5 0
C) and showed the ,,'-

contact angles of 147-at 200°C, and Sn started

to melt at 2500C (melting point:232"C) result-

ing in the contact angle of 1410 at 280'C. The

contact angle for the system of In/lI'LZT (9.5/

65/35) was not much different from the system

of in/PLZ'r (7/65/35) in vacuum indicating the In/PLZT(9.5/65/35) Sn/PLZT 9.55165!35)

angle of 142
0

at the same temperature. Sn/FLZT Fig.2 Optical micloscope photographs at tef

(7/65 /35) in vacuum showed almost the same wettings fur the systems of ln/i'L/1¼9.5

contact angle of 14205) as in the case of /65/35) and Sn/iLZTh9.5/65535) in Iu 5.

l10O %. 02 described above. Figure 3 shows the 0)2

wetting behaviors for In and Sn on PLZT in air

The contact angles for In and Sn were 1220 and

141, respectively.

Generally, wetting property will be affected

by the formation of the oxide not only at the

surface but also at the interfaces between a

mool ten metal and a sol id. The free energy

change of formation for an oxidation reaction

(1) is presented by the equation (2).

in/PLZT(9.5/65/35) Sn/PLZT (9.5/65/35

2 In * 3/2 02 = 1'2 03  ~Fig.3 Optical microscope photographs aft el

wettings for the systems of In/ 'll./I'J.,

AU =A GO + I I In ( o[In2 O 3 J/ In]J
2 

02 3
3
/
2
) (2) /65/35) and Sn/PI.ZT(9.5/65/135 i n air.

of Sn is lower than that of In icading t) an

In the equationl1,A G in the case of 100 % 02 easier oxidation of Sn even in aH as shown

ambience will be lower than that of air lead- in the equation of the fie eneigy change (i

ing to advance oxidation reaction, hence the oxide formation t4) for the Ctlc'mi i eactin

metal surfaces and the interfaces are cover- (5). Then the oxide coveied the Metal sult-

ed by the oxides of In resulting in less wett- ing in the obtuse contact angles.

ability. This will be also elucidated by the

chemical potential at the interfaces between a

molten metal and a solid. Providing C is a

concentration of In at the interfaces, chemi- Sn + 1/2 02 SnC

cal potential is described by the following

equation.

AtA = AA0 + R'T In C (:)

If the oxide films of In cover on the surfac-

es of the metal including the interfaces, the

concentration, C will be decreased at the int-

erfaces, then the chemical potential will be

decicased leading to less wettability. As des-

ciibed above, Sn showed the same contact angl- lig., 4 0pi 1pcal m i (ros'ope ph6 t (1),1ph af te1' oct

es(141
0

) in both cases of 100 % oxygen and air. ting f l the ttem of Inl'l./I, 12, 4, ,

lhis is suggested that the oxidation potential in 100 % Oq.
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rhe system of Cu/PLZT started to melt 1006 0 C Zr play an important role for bonding of cera-

that is lower than the melting point(I0830 C), mics with an electrode metal. Figure 6 shows

then Cu spreaded on PLZT at the temperature of the interfaces between Ag and PLZT(12/40/60).

1064 0 C in 100 % 02. and melting start was 1002 The upper one was analyzed by scanning for Ag

C, then spreading occurred at 1060 0 C in air. and the lower one indicated the result scanned

The causes of spreading were not clear in for Pb. Neither migration (t an element with

this moment. As far as [n/PLZT(12/40/60), the metal/PLZT nor ieaction layer was found at the

contact angle was 1 3 2 * at 200*C. showing the interfaces, and Ag was bonded with PLZI with-

lowest one as compared with the case of PLZT( out diffusions or, reactions. It will be inter-

9.5/65/35) as indicated in Fig.4. The wetting esting to investigate which atoms in PLZ1 form

SAg/PLZT(7/65/35)
Contact angle,1150

at 990 0 C.

Contact angle,113'

at 988 0C.

PLZT(12/40/60)

Contact angle,98 ZI

at 988 C. 4

Fig.5 Changes of contact angles of Ag on PLZT

with deifferent compositions in vacuum. Pb

of the system of Ag/PLZT in vacuum were also

studied for three kinds of composition of PLZT. *

The results are shown in Fig.5. The PLZT(12/

40/60) that is the larger content of Ti showed • ' -

the least contact angle of 980. The functions

of Ti has been estimated by the oxidation-
reduction (redox reaction) at the interfaces: b.4: 1  ,

Ag is easily oxidized by the changes of Ti 3 +

!Ti4+ , but Ag 2 0 is decomposed promptly.6) Fig.6 SEM photographs for interface analysis-

The oxide formation of metal on the surface es after wetting experiment of Ag/PLZT

of the metal ( including interfaces between (12/40/60) systems.

metal and ceramics) is relating to wettability Upper:scanned with Ag, Lower:with Pb.

of the ceramics and metal.

the bondings with Ag in atomic level. Figure 7
Interfaces between ceramics and metal shows the SEM photograph for the interfaces

The wetting study on BaTiO 3 +glass-added Ag between In and PLZT(9.5/65/35). In did not

revealed the diffusion of Ti at the inter- seem to be bonded with PLZT from the fact that

faces between BaTiO 3 and glass. 6 ) Furthermore, In came off PLZT easily, and the interfaces

the diffusions of Ti and Zr into the glass had fine cracks. Figure 8 shows the interfaces
layer were found in the wetting study of Pb(Zr, between In and PLZT(9.5/65/35) analyzed with

Ti)0 3 + glass,/Ag.7) From the facts, Ti and/or an EPMA. According to this, any elements in
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d if f erences withi the contact angles foi- Sn!

KITr Inl lFLZ I n b u tcIe

fAg i nd ica ted depende nce o f t he coin tact zinglIe

on the compos it ions ofkl'b1 .X.LaX k/11>.I

:l-LZTI12/40!Gifl that ciontains I a Igei mu un t

of T' showed the least anele,980 .

3BNo EPMA results ievealed diffusions or migr-

at ions of any elements from Metal to l'LZl or

vis-a-vis. *Ihe definite leactions were not

found from the analysis of the interfaces

except for the Cu/PLiTr system.

4)As the next step, more precise analysis with

Fig.7 SEM photograph for the interfaces of a transmission electron microscope should be

ln/I-LZT(9.5/65/3S) after wetting ex- necessary in order to investigate the inter-

periment in 100 %09 . faces between ceramics and metal . Fur ther-

mor, wetting property and it's impiovement

counts should be discussed from the interfacial
PUZT <41nstructures and thermudynamical po~nLs.

Pb

vo~ fdie ferences

I~, )V. K.Nagcsh ,A. F.Toms ia and J .A. Paslt, " We tt ing

V and reactions in the lead borosilicate glass

0.5-- --Aý j-,e .......... -precious metal systen's,"J.Mater.Sci..lR,2173

~ ~ ,, it'~
4~''/~ Y-2180(1983).

I~)~~~ '4( ~g i~ 1A , 2)A.P.romsia and J.A.P-ask."Chemical reactions

Zr XAand adherence at glass/metal interfaces: an

:,In analysis,"DentNater,2,10-16(1986).

3)K. Nakaj ima.K.Takihira,K.Mori and N.Shinozaki

180 0 90 "Wettability of A1203 substrateby liquid iron

AM -Effects of Oxygen in liquid iron and purity

Fig.8 EPMA result for the interfaces of in! of A1203 substrate.." J.Japan Inst. Metals, 55

PLZT(9.5/65/35) after wetting experi- [1111199-1206(1991).

ment in 100 %02. 4)N.Takiuchi,T.Taniguchi,N.Shinozaki and K.Mu-

kaj,"Effects of oxygen on the surface tens-

PLZT did not diffuse into In, and also In did ion of liquid iron and the wettability of

not seem to react with any elements in PLZT. aluminum by liquid iron."J.Japan lnst.Metals,

However, In can form alloys such as, In-Pb and 55[1)44-49(1991).

In-Ti as known in a metallurgical phase dia- 5)S.Sugihara and K.Okazaki, "Interfaces and

gram. Therefore, the interface should be more Wetting Properties between PUZT ceramics and

precisely investigated with transmission elec- E~lectrode metals.'J.Ceram.Soc.,Japan,in press

tron microscope(TEM). 6)S.Sugihara and K.Okazaki,"Wetting of ceramic

-metal and ceramic-ceramic interfaces." Proc.

-Conclusion 1990 IEEE 7th International Symp. on Applica-

The interfaces between transparent ceramics, tions o-f ,Ferrioelectr~ics,(1990)pp.432-434.

(Pb.La)(Zr,Ti)0 3 and electrode metals:Ag,Cu,in 7)S.Sugihara and K.Okazaki, " Ceramic-Metal-

and Sn were studied from the view point of Glass Bonding."Proc. -1990 -I -EEE 7th InternatIl

wetting properties in an oxidizing atmospheres. Symp.on AppI.of Ferroelectrics,(1990)pp. 429-

The conclusions are as follows; 431.

1)AII the metals did not wet on PLZT. In show-

ed less contact angle of 122 in an air than

in 100 % 02 (1410) whereas there were no
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THE ELECTROSTRICTIVE AND RELATED PROPERTIES OF
(Pbl-xBaxh)-3,2Bi, (Zr1 _yTiy)O3 CERAMIC SYSTEM

G Li and G. Haertling

Department of Ceramic Engineenng
Clemson University
Clemson, SC 29634

ABSTRACT (PBZT) ceramic system with 0.25 • x- 0.43. 0.28-<y <0.53 and
0 - z <0.02 The preparation of samples is described, and measure-

A compositional region was revealed in the (Pb -lBah)I.;,J2 ment results are presented. The characteristics of the PBZT phase
Bi,(Zrl -Tiy)O 3 ceramic systen, where large electrosrictive strains diagram on the basis of the results are also provided
and small hysteresis exist simultaneously. The electrostritive coeffi-
cients, m I I (longitudinal) and m 12 (lateral), are as high as 8.9 and 3.85 SAMPLE PREPARATION
x I1V16 m2/V 2. respectively, and hysteresis small enough to be negli-
gible depending on the composition involved. It was found that a The compositions of PBZT ceramics chosen to be investigated in
small amount of Bi 20 3 additive significantly modified the electros- this paper are situated along two lines in the PbZrUo-PbTiO 3-
trictive and dielectric properties of the pure PBZT ceramic system as BaZrO3-BaTiO3 phase diagram which is depicted in Figure 1; i.e.,
well as shiftinE b,)tlh the Fk-FI a•id FR-PC bouitaries lItI p.csCSCd the vertical line along which the Pb/Ba ratio is changed while Zr/Ti
samples showed higher saturated strains and smaller hysteresis is kept constant, and the horizontal line where Ph/Ba is constant and
compared with those fabricated by conventional sintering. Zr/Ti changed. The two lines intersect at the composituon 27/70/30.

All the PBZT samples were prepared via a conventional mixed-ox-
INTRODUCTION ide method. Reagent grade PbO. ZrO2, TiO2., BaCO; and B1203 ad-

ditive were used as starting raw materials. Weighed components
In recent years much attention has been paid to ceramic materials were first wet mixed for 30 minutes, and then calcineo at 925 IC for

with large electrostrictive effects. Electrostnction, which exists in all two hours. The calcined powder was milled for 6 hours in distillea
materials, exhibits many potential applications in electronic and opti- water using A120 3 balls. Sample pellets were obtained by pressing
cally controlled system as well as precision machinery. Among the the milled powder into plates of about 30x30x4 mm at a pressure of
materials available, however, few possess electrostrictive effects 49 MPa (7(X) psi). The samples were sintered at 1250-1280 0C for
large enough to be of practical usefulness. The development of new 4 hours in a closed alumina crucible with a flowing oxygen atmo-
materials with high electrostrictive coefficients has been a major im- sphere. To avoid the loss of PbO from samples during sintering. a
petus of much of the research in this area. The PbO-rich atmosphere was maintained by placing an equalmolar mix-
(PbvxlBax)I_3,/2Bi,(Zrl_yTiy)0 ceramic system appears to be a ture of PbO and ZrO2 in the crucible. Sintered samples were then
very promising candidate because the electrosmnctive effects of lapped to a dimension of 10xlOxO.76 mm. The opposite sides of the
PBZT 27/70/30 (Ba/Zr/Ti) in the system are among the largest dis- lapped samples were electroded with electroless nickel.
covered today I I1. Some PBZT samples were also fabricated by a hot-pressing tech-

The main objective of this paper was to investigate the electrostric- nique at a temperature of 12(X) 'C for 4 hours at a pressure of 14 MPa
tive and related properties of the (Pbi.,BaX)_3,J2BiA(ZrilyTiy)O3 (2(XX) psi).

Phzo, Ptclo, Table 1. Properties of (Pb1 -Ba,)h-i , 2Bi,(Zrl-,Tiv)O3 ceramics.
'0

z=0.02

FRBa/Z'r,€1 i)ilectnc loss fa - Iinsitv Po S io S2,y :'lectrosntncute Coe( t"
constant tor(%/ gcT13 Icm'- 10

4 
( 10a mol in12

25/70);'30 5830 9.5 7 28 256 112 447 .. ..
2t70,107o 6110 0.7 722 214 -- 3 4 -- 48S
27170630 6400 10.0 7 19 180 S 0 310 8 5 3 25

60 29/70(30 7680 128 707 11.3 2.9 1.20 37 1I35
o 32/70/30 7790 66 7 05 '1 -- 0.5 -- 0 75

575(7/,._ 6230 2 3 6.99 68 -- 0.33 .. ..
43/7n.,i 940 210 694 5 3 -- 033 .. ..
27(32/2 , 6480 101 718 165 85 257 99 325

27168/32 7450 11 1 719 16,5 - - 247 - 2

27/64t36 0900 10.8 7 26 180 - 1- 273 .. ..

27/60140 5230 84 730 21 5 -- 3.75 -. ..

27/60/40 5140 ,)1 7.36 242 -- 567 .. ..

27/55/45 4760 78 734 24 1 12.5 567 .. ..r27/47/53 2250 40 7 36 - -.. .. .. .

20 40 6o so ,oo Hot-pressing
Baa/l___ Ba__O
Figure 1. Room temperature phase diagram for the sys- [ 2W70M 1 0370 04 3 1 79 1 [ -3- 15--
tern PbZrO3-PbTiO;-BaZrO 7 -BaTiO 3 (PBZT). where FR z=0.t0
denotes rhombohedral phase. FT tetragonal phase and PC
paraelectnc phase [2]. 27(70130 1671) 54 6.88 162 - 267

27160/40 4270 5.4 692 210 3 - 75 .. ..

32/70/30 5780 4 8 684 [ 9 - - 095 .. .

x1016 ( .N
2
/V

2 
)
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given in Figure 3. All the compositions shown in the figure were

SAMPLE MEASUREMENTS characterized by a diffuse phase transition that is manifested as a cor-
responding broad maximum in the change ol dielectric constant with

The dielectric properties of samples were determined at I kHz with temperature. The temperaldres at the maximum dielectmc constants
an LCR meter (LEADER. LCR-7450-1 1 ). The temperature depen- were considered to be the temperatures of transition from the rhom-
dence of dielectric constant and loss factor was obtained by placing bohedral or tetragonal ferroelectric phase to the paraelectric phase.
samples in an environmental chamber in which samples were first The transition temperature for the compositions with constant Zr/Ti
cooled down to -20 OC and then measured at a heating rate of 2 3 decreased, as expected, with increasing barium content
CC/min up to 140 "C. The measurement of relationsnip between po- The relationships between polarization and electnc field for the
larization (P) and electric field (E) was carred out using conventional representative samples with constant Zr/Ti are demonstrated in Fig-
hysteresis loop equipment. The Archimedes displacement method ure 4. A slim-loop characteristic was found for these samples. Hys-
with distilled water was employed to evaluate sample density teresis became narrow with increasing barium content. At the same

A measurement apparatus using an LVDT as a displacement sensor time, PIo (the polarization at an electric field of I(0kV/cm) decreased
was made to detect the change of strains with electric field. Elec- monotonically, as shown in Table 1. Nearly linear P-E relationships
troded samples were placed in line with the movable core of the with negligible hysteresis were obtained at the compositions having
LVDT Sample electrodes were parallel or perpendicular to the mov- barium concentrations larger than 32 mol't indicating that the sam-
able core depending on the measurement of lateral or longitudinal ples were in the paraelectric cubic phase region. As also clearly illus-
strain. An electric field was applied to the samples continuously be- trated by the P-E curves in Figure 4, the characteristics of the samples
tween negative and positive maxima. The measured results were re- with constant Pb/Ba ratio changed from slim-loop phase to tetrago-
corded on a X-Y plotter. nal phase as Zr/Ti ratio decreased. In most cases, polarization be-

camne ,,auratcd at an electic uieid around it) k\g,cm.
RESULTS AND DISCUSSION Both longitudinal and lateral field-induced strains were investi-

gated, however, the curves of lateral strains vs. electric field for se-
The important data of the PBZT samples of different compositions lected PBZT compositions are presented in Figures 5. Siio and S2,10

obtained in this study are illustrated in Table I. The values of the di- ( the magnitudes of longitudinal and lateral strains, respectively, at an
electric constant at room temperature are in the range from 2250 to electric field strength of 10 kV/cm ) were evaluated, and are listed in
7790 depending on the composition of the samples. The dielectric Table 1. It was found that most compositions exhibited a quadratic
constant of the compositions with constant Zr/Ti experienced a maxi- strain-electric field relationship with small hysteresis, which is typi-
mum as the barium content increased across the boundary of rhombo- cal of electrostrictive materials. The strains appeared saturated at
hedral and cubic phases. which were plotted in Figure 2 (a). If the high electric field due to the saturation of polanization. The butterfly-
maximum in dielectric constant signifies a phase boundary, as is often like S-E curve at the composition 27/47/53 was generated from the
the case, the boundary was found to occur at a composition some- tetragonal ferroelectric phase. For the compositions whose strain-
where between 29/70/30 and 32/70/30. Figure 2 (b) shows a similar electric field hysteresis was small, the strains were plotted against the
situation occurring among the compositions with constant Pb/Ba, square of the electric field. The electrostmctive coefficients, ml,
where the maximum in dielectric constant is taken to be indicative of (longitudinal) and m 1 2 (lateral), were then calculated according to the
the rhombohedral and tetragonal phase boundary which is located linear part of the S vs. E2 curves and are displayed in Table 1. The
near the composition 27/68/32. longitudinal electrostrictive coefficients were found to be between

The temperature dependence of dielectnc constant and loss factor 2-3 times as large as the lateral. As seen in Figure 6. the PBZT sam-
for a number of selected PBZTcompositions was studied. Results are ples fabricated by hot-pressing showed larger saturated strains and

1000C 1600C_____________

(a) xfflr=70/30

80000800( •~~ 1200C A 29/70/3() 7183

"60x 32/70/30 o27/60/40L)600Co - x 27/554

40000

2000- 4000

20 25 30 35 40 45 50 55
Barium content 20

10000

8000 (b) Pb/Ba=27/73 15

0600C -. 10
U

4000 -j

S5200
C -20 20 60 100 140-20 20 60 100 140

20 25 30 35 40 45 50 55 Temperature (11C)
Titanium content Figure 3. Temperature dependence of dielectric constant and loss factor for

Figure 2. Variation of dielectric constant with the PBZT compositions with constant Zr/Ti (left) and the compositions with
PBZT composition. constant Pb/Ba (right).
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slightly smaller hysteresis compared with those prepared by normal significant difference was found between the boundaries for both
sintering. FR-FT and FR-PC as given by Ikeda and those based on our results

The earliest systematic investigation of the pure PbZrO3-PbTiO 3- (the composition with a maximum dielectric constant). A reason for
BaZrO3-BaTiO3 system was preformed by Ikeda [2]. The phase dia- this difference is believed to be due to the small amount of dopant

gram shown in Figure 1 was extracted from Ikeda's publication. A (2 atom% Bi20 3 ) added to the pure PBZT system in our investiga-

P Jnt- "30 0 P0 - iCk ) 30 2 P (No' 30 29n7/03 ptoj, 30 30 l0 2 P0 (-0 2 30 3y?"

20 20 20 20 20

tO to tO 0

,0 00 20-20 -to ,0 10 10 20 -0 to 2

Ek~ tEtn~ (00km) Et Eikvkt)-0 Ek -to Et~0 0(6k.)
-t0 - to

-20 -20 -20 -20 -20

S 0 -30 -30 230

PP~CMoi 30 27fl212 P~trtcn 't 30 MGM013 P (jCM~ 30 271611M2 Pt(aCAk 30 2754 P (00-11t 30 27M4733

20 20 20 2

, /

to to to t0

200 0 0 2-t 20 -020 0t 00 -to O -20 -to to 20 -o 1-t 20

-to E(M.) Vl) EE(k.) -to Etikk) -to 0(0tVi ) -to Ev kVko,

-20 -20 -20 -20 20 1

-30 .- 30 -30 -30 - M/

Figure 4. Relationship between polarization and electric field for the PBZT
ceramics with constant Zr/Ti ratio (above) and those with constant Pb/Ba
ratio (below).

S 2 3/7013 St 26170/*30 32 20170/30 32/70/30 St 33/7030
52

6.1t0' 6M't 6.t0' -6 X1s-4 0 .to

4 4 A 44

2 2 2

20 -to o 10 20 -20 -10 o to 20 -20 -10 0 10 20 -20 -to o 10 20 -20 -to 0 10 20

E (Vk,,t (~k) E (60/cmt E NkV/ot E (Wk.)m

0, 27n72/29 27/70/3 02 27/110/32 27853/45 27147/53
St 0, S,

610' -6 xiS' 6.0 -6 t0 -6 ,0"
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2 2 2
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Figure 5. Variation of lateral strain with electric field for the PBZT ceramics
with constant ZrfTi ratio (above) and those with constant Pb/Ba ratio (below).
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Figure 6. Comparison of the electrostrictive properties of
hot-pressed and normal sintered PBZT 26/70/30 ceramics.

tion. The influence of the Bi20 3 additive on the properties of several
PBZT compositions is demonstrated in Table I and Figures 7 and 8.
It can be seen in the table and the figures that the additive not only K
shifted the Curie points to lower tempcrtures and increased sample
density but also enhanced dielectric constant and improved electros-
trictive properties. In studying electric field induced strains of PBZT 2

ceramics near the FR and FT boundary, Hagimura, et. al., 131 also dis-
covered that a few percent additive of other rare earth elements could
remarkably change the strain properties. Further investigation is
needed for better understanding of the significant effect of additives -20 -10 0 10 20 -20 -t0 0 10 20

on the PBZT ceramic properties. E 601,,4 ' 3V-,

Based on the data obtained in this investigation, it is believed that s,
there exists a region in the PBZT phase diagram where the rhombohe- -,., 6.o10'

dral phase and diffuse relaxor phase coexist, which is approximately
indicated by the shadowed area shown in Figure 1. The large strains
with moderate hysteresis found in this compositional region could be 4

explained as resulting from the combined consequence of electro-
strictive effects and domain wall motion of rhombohedral phase un- 3
der electric field.

CONCLUSIONS

A compositional region was identified in the Bi20 3-doped PBZT 0 0 20 -,

phase diagram where large electrostrictive strains and small hystere- E (0 " F--"

sis exist simultaneously. The electrostrictive coefficients, mi n (longi- e of Bi o thltrc

tudinal) and m12 (lateral), are as high as 8.9 and 3.85 xI0-16 m 2N 2 p Figure 8. Influence of Bi203 additive on the electrostrictiveproperties of pure PBZT ceramics,(left) Bi203--doped PBZT,
respectively, and hysteresis small enough to be negligible depending (right) pure PBZT.
on the compositions involved. The excellent electrostrictive proper-

ties in this compositional region is considered as to be due to the com-
1600C bined consequence of electrostrictive effects and ferroelectric do-

27/70/30 27/60/40 main wall motion. The Bi2O3 additive was observed to play a domi-
0 nant role in improving the properties of pure PBZT ceramics. A small

amount of the additive can significantly enhance the electrostrictive
S, -and dielectric properties of the PBZT ceramics In addition, large dis-
U 8M• placement in the phase boundaries of both the FR-FT and FR-PC

caused by the Bi 20 3 additive was discovered.
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CERAMIC ACTUATOR WITH THREE-DIMENSIONAL
ELECTRODE STRUCTURE

Yoshiaki Fuda, Tetsuo Yoshida, and Tomeji Ohno
Tokin Corporation, Tokyo Research Laboratory, Sendai, Japan

Shoko Yoshikawa
Materials Research Laboratory, The Pennsylvania State University

University Park, PA, USA

ABSTRAC 2. EXPERIMENTAL PROCEDURES

A new type of actuator has been developed by multilayering 2-1, SAMPLE PREPARATIONS
piezoelectric ceramic green sheets with line electrodes in such a
way that electrode lines are parallel and slide one-half a pitch in Using calcined piezoelectric cerarmc powder, Pb(Ni.Nb)0 .5
alternate layers. The large displacements were obtained utilizing Ti0.35ZrO. 1503 (NEPEC-10, TOKIN Corp.), a 701gm thick green

multiplication of longitudinal converse piezoelectric effect occurs sheet was first formed by a slip casting technique. Fine line

between nearest electrode lines located a layer below or above, electrodes were screen-printed on the green sheet using a

A lorg co-fired multilayer actuator with a large silver/palladium 70/30 mixture. Two printing patterns were

displacement can be easily produced, and reliability was improved prepared with a half a pitch shift from each other. Table I shows

by eliminating exposure of opposite polarity of electrodes on a the electrode line width, gap, and number of electrode lines for

same surface of actuator to humidity in the air. For example, a five different electrode patterns which were tested in the course of

74mm long actuator with 106 electrode lines on each of 100 layers this study. The second step was to stack the green sheets 30 to

provided a displacement of 50 iVm/350V, with a generative force 100 layers thick with alternating half shifts. The stacked

of 350 kg/cm2 . Also, under the condition of 85"C/90%RH and multilayers were then heat pressed and fired at I 100C for two

180V constant loading, a lifetime of over 1000 hr was hours in air. External electrodes were applied to the two sides of

demonstrated. the fired body where internal electrodes were exposed. After lead
wires were soldered onto the actuators, poling was performed by
applying a DC voltage at room temperature. A simplified

I. INTRODUCTION schematic of the procedure is shown in Figure 1. Actual

dimensions of each actuator are listed in Table 11.

With the recent development of electromechanical devices,
piezoelectric actuators have been a primary focus of interest owing
to their fast response time, large generative forces, high volumetric
efficiency, low cost, and relatively simplistic E-field control.
Multilayer piezoelectric actuators offer additional performance
features such as low driving voltage and large displacements.

In order to avoid delaminations or crack formations,
conventional co-fired multilayered actuators which utilize
longitudinal piezoelectric effect are limited to a maximum height of
approximately 20mm; subsequently, displacement is limited to
approximately 15.tm. Therefore, when more than 15gim
displacement is required, it is necessary to use displacement
magnification devices or simply adhere several multilayer actuators
in series. The displacement magnification devices, however, often
require complicated design. In addition, they also possess the
added disadvantage of decreasing the generative force (which is
inversely proportional to the displacement). The problems
encountered when using the stacked multilayer actuators are
inadequate control of total length as well as a loss of response time
due to the existence of adhesive layers.

Theoretical anatysis and detailed experimental data on
piezoelectric resonators with interdigital electrodes on the surface
of a rectangular ceramic for both poling and driving purposes are
already found in the literatures[1 ,2 1. In addition, we have
previously developed torsional actuators by applying interdigital

electrode at a 45 degree angle on the outside surface of hollow
PZT cylinder1 31. In order to develop a large displacement co-fired
actuator, we first investigated the effect of several parameters such
as electrode line width, gap, and number of layers on the three . .
dimensional interdigital electrodes (3D-IDE). By optimizing
above-mentioned parameters we have developed 74mm long co- , -,
fired piezoelectric actuators which provided displacement of a _ _.........__
509m at 350V. 2

In addition to the large displacement, the new structure also 3
provides improved reliability by eliminating exposure of internal r.
electrodes on the same surface of actuators to the air as seen in
conventional plate-through type actuators. This paper describes (C)
the effects of the varying parameters on the three dimensional
interdigital electrodes as well as discusses some reliability results Figure 1. Schematic diagram of 3D.IDE actuators
in various environments. (a) Green sheets configuration

(b) Fired and electroded sample
(c) Section view of (b)
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Table 1. Electrode printing pattern in mm 2-3. RELIABILITY TEST CONDITIONS

Pattern No. A B C D E Table II lists the reliability test items and their conditions.
Samples with electrode pattern C (see Table 1) were used for the
tests. Conventional plate-through co-fired actuators (size : 5x5x IS

Electrode Width (a) 0.15 0.10 0.20 0.15 0.15 mm) with polymer coating were also examined for comparison.

Electrode Gap (g) 0.60 0.60 0.60 0.40 0.80

Number of Lines (n) 114 122 106 156 90 3. RESULTS AND DISCUSSION

3-1. DISPLACEMENTS

Table I1. Dimensions of fired actuator in mim Table IV shows the capacitance changes before and after
poling for a 30 layer actuator, along with the respective
displacement values at 350 V. Each pattern dimension is

No. A B C D E described in Table 11. The actuators were poled at 500V for 30
sec. at room temperature.

Sample #2 whose electrode line width ("a" in Fig. 1) was
a 0.13 0.09 0.17 0.13 0.13 the smallest value (0.09 mm). Sample #7 whose distance between

opposite electrodes was the largest value (0.41 mm) ("d" in Fig.
g 0.51 0.51 0.51 0.34 0.34 1), did not function either as a capacitor or an actuator. Also, the

comparison between Sample #4 and #5 shows that smaller layer
d 0.32 0.30 0.34 0.25 0.41 thickness in Fig. 2 gives larger displacements. This indicates that

both electric field strength and direction of potr_ .. •ion are
e 0.05 0.05 0.05 0.05-0.10 0.05-0.10 important parameters that control the actuator proper -es. The

problem of Sample #2 was analyzed to be a linwutton of the
0(degree) 8.9 9.5 8.3 11.8-22.6 7.0-13.7 conventional screen printing method to form ultrafine uniform

lines.
L 74 74 74 74 74 Due to their large capacitance and displacement (see Table

IV), electrode patterns C and D were chosen to fabricate 100 layer
WxT 8x2 for 3C 'ayers, 8x6 for 100 layers actuators. Table V shows the data from these samples. Poling

was performed at 2.5 kV/mm using the closest distance between
opposite electrodes ("e" in Fig. 1). The effective electro-
mechanical coupling coefficient, keff, which was calculated from
resonance and antiresonance frequency, are also listed.

2-2. DISPLACEMENT AND GENERATIVE FORCE The displacement of the piezoelectric ceramic multilayer
MEASUREMENTS actuator can be calculated using equation 1.

The voltage induced displacements of each actuator were Displacement =tNd33V (1)
measured by three different methods: contact (Mitsutoyo
micrometer IDA-I 12M), non-contact (Kienth laser micrometer
LD-2500), and strain gage (Minebia SR-4). where a is a constant, N is usually the number of layers, but in

Generative force was calculated from the relation between this case is the number of gaps between the opposite polarity of
applied uniaxial pressure (using Shimazu compressor) and voltage internal electrodes, d33 is piezoelectric strain constant, and V is the
induced displacement, which was measured using a strain gage. applied voltage. Constant at is a correcting coefficient from the
In order to apply a uniform uniaxial pressure to the actuator weak field d3 3 value to strong field strain constant, and is about
specimen, a half sphere of zirconia, whose cross sectional area 1.5 for conventional plate-through multilayer actuators (4). In the
was larger than that of actuator, was placed on top of the actuator, case of the three dimensional interdigital electrode actuators, N is

(2n-l) where n is the number of electrode lines on one layer.

Table IM. Reliability Test Conditions

No. Test Item Condition

Thermal cyclic test 85"C @ 30 min. *--*-25"C @ 30 min.
10 cycle

2 Pulse cycle test Ambient condition 0-180V, 10Hz

3 DC degradation

"* Room temp. 25"C/50%RH, 180V constant loading

"* High temp. 85"C, 180V constant loading

"* High temp. & high humidity 85"C/90%RH, 180V constant loading
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Table IV. Capacitance and Displaceiat
of Various Actuators

Sample # 1 2 3 4 5 6 7

Pattern # A B C D E

Layer Thickness (mm) 0.05 0.05 0.05 0.05 0.10 0.05 0.10

Cap. Before Poling (nF) 215 --- 412 715 416 236 ---

Cap. After Poling (nF) 185 --- 461 756 403 282 ---

Displacement (pmno350V) 20 --- 48 50 15 45 ---

Table V. Capacitance, Displacement, and kerr
When calculated using displacement data shown in Table V, a of 100 Layer-Actuators
varies between 0.7 and 1.2 which is smaller than the conventional
actuator's a at 1.5. This is due to the piezoelectrically inactive Exp. 8 9
areas inside the actuator as well as a non-uniform electric field
between the electrodes as expected from the cross-sectioned view
in Fig. 1. Electrode pattern C D

3-2. GENERATIVE FORCE Cap. before poling (nF) 1170 1460

Generative force is defined as a force required to return the Cap. after poling (nF) 1400 1630
voltage induced strain back to its original position while constant
voltage is being applied. Figure 2 shows the strain vs. generative Displacement (prm/350V) 55.5 51.4
force characteristics of two different electrode pattern actuators
under an electriL drive of 300V. The three dimensional interdigital kelT 0.45 0.31
electrode multilayer actuator with electrode pattern C gave a
generative force per unit area of 350 kg/cm 2, which is similar to
that of a conventional multilayer configuration actuator using the
ýMe pieioelectric ceramnic.

The following equation provides generative force of
piezoelectric actuator:

Al ( 6X

StressP-Y33L- (2) Electrode Pattern C
where Y is the elastic constant (5.6 kg/cm 2 ), Al is compressive 0
strain (47 Mam), and L is the length of the actuator (74 mm). The 5-\
calculated value was 355 kg/cm 2 , which corresponds with
experimental data. The elastic constant Y was calculated from 4,
resonance frequency at weak electric field as in d33 in equation 1. 1 4-
Thus the elastic constant may vary under the application of a large
"fld. X Electrode

N 3 Pattern D

<2-

0 100 200 300 400
Generative Force [kg/cm 2 ]

FiL'ure 2. Relationship between generative force and

strain of 3D-IDE actuators.
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Table VI. Reliability Test Results

No. Test Items Res lts

3D-Interdigital MLAa) Conventional MLA

1 Thermal Cycle OK OK

2 Pulse Cycle 480 hr. 25% 1Rb) loss ------

3 DC Degradation

"* Ambient 1000 hr. OK 300 hr. 50% IR loss

"* High temp. 1000 hr. OK 1000 hr. OK

"* High temp. humidity 1000 hr. OK 24 hr. 100% IR loss

a) MLA: multilayer actuator
b) IR: insulation resistance

3-3. Reliability Evaluation 4. CONCLUSIONS

The samples used for reliability tests were the 100-layer 1. A long length actuator was developed with a fine line three

actuators with electrode pattern C, which had large displacements dimensional electrode structure using longitudinal piezoelectric
and electro-mechanical coupling coefficients. Results of test items effect. The displacement direction of this type of actuator is
listed in Table III are summarized in Table VI. An applied voltage perpendicular to the stacking, unlike a conventional multilayer
level of 180 V shown in Table III, is equivalent to field strength of actuator, in which displacement occurs along the stacking
1 kV/mm at the nearest distance "e" in Fig. I and is the same as direction.
the recommended driving voltage for conventional multilayer
actuators. 2. The new structure actuator had a co-fired body length of 74

The 3D-interdigital structure actuator samples tested for mm and gave a 50 jgm displacement under 350V applied

reliability did not have any surface treatments such as a polymer voltage and generative force of 350 kg/cm 2.
coating, so the choice of appropriate coating remains as a future
task to perhaps improve reliability further. 3. According to the reliability tests results, the new structure

actuators exceeded a 1000 hour lifetime in 85"C/90%RH
Pulse cycle tests of piezoelectric actuators often become self environment uader constant applied field of 1 kV/mm.

destructive due to the sudden induced tensile and compressive
strain. Therefore, all of the pulse cycle tests were performed
under constant prestress conditions. With this experimental ACKNOWLEDGEMENT
condition, 25% of the samples tested showed a decrease in IR
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COMPOSITE OF BaTiO3 AND Pb(Zr,Ti)0 3 FABRICATED WITH CO 2 LASER

Sunao Sugihara

Department of Materials Science and Ceramic Technology

Shonan Institute of Technology,1-1-25 Tsujido Nishikaigan,

Fujisawa,251,Japan

Abstract The BT as a substrate was fabricated by the

Synthesis of the new composite was carried conventional process; the raw materials of

out by bonding of Pb(Zr,Ti)0 3 with BaTjO3  BT (purity 99.9%) and TiO 2 (98.5 %) were mixed

using a CO 2 laser as the preliminary study. with a ball-mill for 20 h. then pressed at 1.5

Pb(Zr,Ti)0 3 was the thick film ( 0.05 mm in ton/cm2. The size of a pellet was 10 mm in dia,

thickness ) and BaTiO 3 was sintered body fabr- 0.9 mm in thickness. The sintering was carried

icated by the conventioal method. The CO 2  out at 1320 0 C for 1 h after burning out the

laser power was 143 W/cm 2 and the iiradiation binders. PZT powder( Hayashi chemical Co. Ltd'

continued for So s. The two starting mate- was dissolved into an organic solvent with

rials were bonded mutually and Pb(ZrTi)O 3 was the volume fraction of 50:50 approximately.

identified with an XRD analysis. The inter- The mixtures in slurry were blended with a

faces between two ceramics were discussed with ball-mill for 15 h. The slurry was poured into

the results electron probe micro analysis a doctor blade machine to make PZT thick film

(EPMA) and electric properties were referred (0.05 mm) on a polyethylene film which tiavel-

to as well. ed at the speed of 3.5 mm/s. PZT thick film

was dried for a tew days in air, and the PZT

Introduction peeled off a polyethylene fi!m was cut in the

Piezoelectric ceramics,Pb(Zr,Ti)O 3 (hereafter size for putting on a BT pellet.

PZT) have been employed for a lot of applicat-

ions to electronic packagings corresponding to CO 9 laser irradiation

their characteristics as well as BaTiO 3 (here- The system of PZT film on a HT was provided

after BT). And new electronic properties have for a CO2 laser irradiation which was shown

been achieved by making these ceramics into in Fig.l. The system consists of two parts;

thin films recently, hence the applications

have become wider. In order to make thin film,

and coating, laser CVD, PVD,rf-sputtering etc. Mirror CO2 Laser

have been used by many investigators and inlu-

stries. The purposes of the present study are Gas
Gauge outlet

to bond BT with PZT thick film and to have the--

composite new electiic properties in piezo-

electricity and/or ferroelectricity. There Gas Mirror
could be a variety of combination, such as inlet n-sSZnSe Lens
piezoelectric ceramics/ferroelectiic ceramics, --. p

piezoelectric/semiconducting, etc. PZT thick " Specimen
films were bonded with BT by CO.) laser Lrradi- T/C
ation. After an irradiation, PZT was identifi- / ,

ed with X-ray diffraction analysis(XRD), and /'

the interfaces between PZT and BT were analyz- Heater Vacuum Pump

ed with an EPMA and a SEM as well.
Fig.1 Schematic of a CO 2 laser iriadiation

Experimental system.

Fabrication and materials

CH3080-0-7803-0465-9192$3.0© (©EEE 577



a laser osci lator Lind a chamber . The focusing K/'PS

distance of CO2 laser beam ( 10.6 .mm in wave 207
length)is 38 mm with a continuous mode to give Fs

the spot size of 3 mm on the pellet. The chain- , ,

ber was maintained ; i a mixed gas atmosphere

of 20 % 02 and Ar- a. 105 Pa. The laser power

applied to the system was 143 W/cm2 . [he spec-

imen holder was heated at 390 0 C and rotatea at=I

10 rpm. The temperatures were measured by Pt-

PtHh13 %) thermocouples. Figure 2 shows the

schcmatic of specimens both in bulk and thick

fi I m of PZT for C02  laser/BT itrradiation. In 9 2t go 5Co0 406as s5oG go r g 76. 0 N. of so 08
20

the system of bulk PZT,the heat from the laser Fig.3 XRD result after C02 laser irradiation

was absorbed by Al 2 0 3 powder and transmitted fFog3 PZT bulk 1857 a cme ri

to PZT by way of Si single crystal plate.

• R C. ). T •

Laser beam Laser beam

ZT fm Si~ -

Plate

BaTi0 3  A12 03 - -PZT
Powder, TZ

ýa) (b) 'I
Fig.2 Schematic for specimens with a CO 2  ., I

laser i rrad i aton sys tem. 8.4 28.8 3 4. 0 5. 80 B.78 26.66 .e . .of W a
28

(a)PZT fllm/BaTIO 3 system
Fig.4 XRD result after CO 2 laser irradiation

(b)PZT or BaTIO 3 system ,or BT bulk (1857 W/cm 2 ).

will make the pellet cracked or broken in the

Results and Discussion sintering of PZT and BT even though it is coy-

The irradiation with CO2 laser on a PZT green ered described in Fig.2. The high powers were

pellet from PbO, ZrO2 and TiO 2 powders was re- not needed for the system of the PZT thick

ported by Sugihara previously.l) According to film/BT; that was 143 W/cm2 for 50 s without

the study, PZT was sintered by the power of any covers for irradiation. After the irradi-

1857 W/cm2 for 15 min. The XRD analysis revea- ation, PZT thick film was sintered according

led the typical PZT patterns as shown in Fig.3. to the results of an XRD analysis as shown in

The grain size was 1-2 jAm with a large amount Fig.5. The separations of lines on the pattern

of pores, but neckings between grains have de- were not definite as compared with the laser

veloped. The another study for the sintering sintering of the PZT bulk at 1857 w/cm2 . The

of BT green pellet using CO 2 laser was report- XRD results were similar to the conventional

ed by Sugihara, 2 - which laser power was 1857 W sintering of the system of PZT thick film/BT

/cm2. Figure 4 shows the results of the XRD as shown in Fig.6. Afer CO 2 laser irradiation,

analysis after a CO 2 laser sintering for BT. the film surface was shown with a scanning el-

There are a few studies on the sintering of ectron microscope(SEM) in Fig.7. It revealed

the oxides, such as Zr0 2 -HfO 2 and the ternary the bonding of grains, and pores whereas the

system of additioning of Y2 0 3 to the ZrO2 -HfO 2 . developments of necking between particles were
3),4) The CO 2 laser power for the system desc- much in the CO 2  laser sintering for PZT

ribed above was 2.7 kW/cm2  that was higher bulk. 1 ) It is difficult to achieve the grain

than the sintering of the electronic ceramics. growth to 10-2C "m by sintering with a CO 2

The higher power than 2 kW/cm2 ,for instances, laser even at 1857 W/cm2 for those ceramics in
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-- - .. P Br system, the permittivity was 144 after pol-

7;RGT ... Ing in the same method.

I 4'

3.0--

199 0 0 3.0 40. 0 -00 go.112 7608 80
28 CC C

I- ig,. 5 XHD result after CO.) laser I rradia t (ion

for PZl' thick film/BT (143 W/cm
2)

Fig.? SEM photograph on the surface of

K/CFSPZT thick film/Hi system after

3.0 - ~,CO., laser irradiation.

..- 1.2- K counts

1.5--PZT
Pik

~~- - . . ........... ... ... ... ... ... .... ... .

20.00 300 43s.09 S8.00 Mos 20.09 80.09 Zr-,
28

0 - - - ~ -~~
Fi). 6 X RD r es ulIt foi I /'I t h ick f iI m/ BT by a 20 0 20 40

conventitonal sinteri ng.

P'ig.8 EPMA analysis at the interfaces between

PZT thick film/Hi after C02 laser irra-

a bulk body. However, the well-developed neck- diation.

Ines for 3-:3 composi tes of PZ'Iwill be note-

wo thy fi om facts that poritis r/ir wi th such,

stI.rulct urIes pr esen ted h igher p Ie /.oeIeect yI c volI- Conclusion

tage coellu'ient by rapsiulef-feeý 0 2 Hlf'ed pro- tPZT thick filIm was bonded with BaiiO3 with a

5ess Figure 8 indicatesi the Interfaces CO.; laser iitiadiation at 143 W/cm 2 for 50 S.

between I'/l thick filIm and Hir wi th an EP-MA The P/I film was a Poi oios with sotme neckings.

analysis after the irradiation. IThire were nttt ilowevet', their connectivities of grains and

any significant di flusitin or migration of each a I It tle mitre griain growth must be Improved.

element. The next step wtll be aimed at these points

Fhe systems were Pol~ed at I kV/mm fuor I h, and at vaptr depoisi tion of P'/l thin film on HT

then the relative peimittivi t evs were MeasuIIIed by CO 2 l aser ai~d IatIii~n .

I itr t he HI1 and the P/Fr in a btulIk af ter the

l aser sinterings, which valuoe s were ItvI o and Re f e, e n cs

ZOO, Iresqp e c t IveIy . A s f ar as P'/T thick film/ I )S. itig ihara ."SI n t eri n o f It ezoeIcct r ic Ccera-
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ANOMALOUS MECHANICAL AND PIEZOELECTRIC COEFFICIENTS

IN PIEZOCERAMICS USED FOR IGNITION

P. Gonnard, C. Garab6dian, H. Ohanessian, L. Eyraud

Laboratoire de G~nie Electrique et Ferro~lectricit6

INSA, 69621 VILLEURBANNE CEDEX, FRANCE

The converter is connected to various external

Abstract : An analysis of the impact igniters is deve- capacitances C. and the stress pulse is assumed to be

lopped following the classical electromechanical analo- sinusoidal. In such harmonic conditions the external

gies. From the comparison of the model with the experi- output voltage V is related to the short circuit elec-

mental characterization of the converter, unusually trical charges Qsc by the relation

hihvluso E T
high values of 3, d 3 3 , £33 coefficients are shown Q5 1 1 Ce
off. Moreover an important increase of the loss tangent V - - or - = - + -

occurs during the dynamic compression. The influence of C 0

the applied uniaxial stress, the size of the piezocera- with A

mica and their composition are studied. C - 33 i' Vo ' 933T=t, Q$, - d3 3 TKA, F, - AT,

TH is the maximum stress.
INTRODUCTION 1 1

The - = f(ce) curve is a straight line with a slope -

Piezoelectric spark generators, based on the mechano- V ISC

electrical energy conversion may be classified into two and the ordinate at C = 0 is - (Figure I).

categories : the squeeze type driven by means of a qua- V0

si-static compression and the impact type driven by Vo.gTMI 1T

means of a pulsed stress of a hundred microsecond dura- 7

tion. Ira both cases the phenomena occuring during the

conversion are complex due to the simultaneous occuren- C SiLoPE vQ"

ce of high stresses and high electric fields. The pur- -i

pose of the present work is to analyse the process of a

dynamic igniter and to characterize the electromechani- 1V "lVot
cal coefficients during the conversion. The knowledge

of these high level coefficients, quite different from

the low level ones, is useful with the object of elabo-

rating piezoelectric compositions better suited to tho- igure I - Classical equivalent circuit of the igniter

se igniters. and determination of Vol Qs¢ and C

The low level coefficients (LL) are measured at 0.5 V

according to the IEEE standards [1].

The maximum energy transfered to the external capaci-

tance is obtained for C - Ce. Its value per unit volume

CHARACTERIZATION OF PIBZOCERANICS UNDER DYNAMIC CON- of ceramic is1
PRS We =-d33933 T2

The piezoelectric bar is supposed to be excited only on This method, applied to igniters, leads to anomalously

a longitudinal mode (length 9 >> diameter 0, area A). high values of C and Q... For example it is found for

One face is in contact with the base having an infinite the sample 4 (0 - 2.7 mm, i - 5 mm) : Vo = 21.000 V,

stiffness and the mechanical force F, is applied to the Qsc - ± 0.7 oCb i.e ± 12 •lCb/cm2 and C - 30 pF whereas

other face. CLL - 8 pF, W - WeA1 2.6 mJ for Ce - 28 pF

The more classical and simple equivalent circuit of the Such deviations lead us to find a new method for the

piezoelectric source is a voltage generator (open cir- characterization of the electromechanical coefficients

cuit voltage V0 ) in series with an internal capacitance under high stresses and electric fields.

C (2).

CH3080O-7803-0465-9/92$3.00 ©IEEE 581



The resulting frequency of the impact will be the whole

DEgHRINAIN OF TUB ELECTRo~cnECHACAL COEFFICIZNTS system frequency which is generally much lower than the

U R HIGH LVEL FROM AN O ODL OF "in wHOL A/4 resonance frequency of the piezobar ; the pulsed

cONVURTUR stress is performed by a 21.6 g ball falling from a

height varying from 5 to 33 cm.

This method has been described in Ref. [3] previously. The open and short circuit characteristics are recorded

The Mason equivalent circuit of the piezoceramic wor- (Figure 4, Experimental points) and by adjustement of

king as a mechanoelectrical converter is given in part the network parameters the calculated characteristics

A of Figure 2b. The pulsed stress can be achieved by a (Figure 4, dotted line) can fit the experimental ones

spring loaded hammer or a falling steel ball (maa xj ) very well. From the value of Lot Cm, Cot Re, R. and N

striking an anvil (mass M) located at the top of the the following high level coefficients are achieved

piezoelement (mass in2, compliance BE)(igr 
a) hpieoelmen (mss 2, ompiane 33) (Figure 2a).' The •S, BE, 1 as well as the maximum reached stress T.

equivalent network is given in part B cf Figure 2b in 3 d33, ac
Consequently the other electromechanical coefficients

which C. represents the elasticity of the interface calculated

are calculated (ET

ball-anvil. The initial conditions exciting the circuit 3 k33 1 93 3 3 , tg6).

are given by the velocity vo of the ball at the impact

time. Once the mechanical elements transformed across , , ,,

the electrical side the equivalent circuit is given in -"

Figure 3. RP represents the lateral clamping of the

piezobar owing to the external case and R0  the dielec- ,'

tric losses of the ceramic. The mechanical losses of ,

the ceramic are negligeable with regard to R.. The vir-

tual rectifiers DI and D0 prevent any tensile force -.

from being applied to both interfaces.

Figure 4 - Experimental and calculated characteristics

_ "(sample 4)

VARIATIONS OF THE ELECTRONECEANICAL COEFFICIENTS AS A

" A• FUNCTION OF THE APPLIED UNIAZIAL STRESS

Baill An•l~ Pkdm,

, :1 This study is made with small sized piezobars (o = 2.7
mm, 5 = 5 mm). While increasing the drop h, the inci-

dent kinetic energy is increased as well as the uni-
axial pressure T.. After adjustement of network parame-

! _ ters this stress T. is calculated for each value h. Fi-

2b gure 5 shows that T. varies as h0 "59 whereas Marutake

[4] found a variation as h
0 "

6
. We calculated the same

F e - Equivalent circuit of the spark generator function with an exposant 0.66.

T R v. "it)"

.1118

Figure 3 - Electrical equivalent circuit

of the whole generator

Figure 5 Variations of T. versus
the falling ball height
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In industrial small size igniters the piezoceramice are
Figure 6 clearly shows that the ratios of the high le- subjected to stresses up to 3.108 Nm"2 so they are in
vel coefficients (HL) above low level coefficients (LL) conditions analog to h - 30 cm. It is surprising that

are strongly dependent on the applied stress. It is no depolarization effect or cracking occurs under such
well verified that all ratios tend to unity when the a stress whereas under static conditions important of-
stress tends to zero. fects of depolarization appear up to 1.2 108 Nm"2 forAt high pressure quite anomalous values of f3, T 3 n
Et hhu d3 3 and the same composition [5). It is supposed that the main

833 are found and the figure of merit d3, 3 3 is stron- part of the released electric charges are due to an
gly improved. electronic commutation because of a change of valency
The electric charges released in short circuit reached in the structure [6). These reversible fast commuta-

± 12 ýCb/cm2 i.e a third of the remanent polarization. tions would not alter the whole dipolar moment and con-
However the open circuit voltage remains limited by the sequently the reversibility is kept on.

srn increase of both ES(o ndtedeecrcls
strong (C) and the dielectric los Mechanically, the strong lateral clamping of the piezo-

ses (ROH L ROLL/
3 0

). bar due to the case (high value of Rm) protects this

element from cracking.

--. ZelS EXZFFECTS

For the same drop (h - 33 cm) and the same mechanical
environment two elements of P190- material differently

. ._-- -- sized have been tested. It is shown (Table I, columns 1

and 2) that the same open circuit voltage Vo in almost
reached with the small piezoelement which is three ti-

mes smaller that the standard sized one (0 6.35 mm,

d e 15 mm). Consequently the maximum electric field and
stress are three times greater with the small element

/ I and it yields to widely enlarged non linearities. The

/ i energy We per unit volume, transfered to a matched ca-

"2 4 pacitance, varies nearly as d3 3 HL g 3 3ML T and is 13 ti-
"mes higher with the small element.

_ 0 DEPNDEXVB OF NON LINEARITIES ON THEN ATERIAL COMPOSI-

5.- Two hard compositions having nearly the same low level
2000 3000 10

characteristics are compared in columns 3 and 4 of Ta-

ble I. It can be observed that the increase of the high

level compliance a33 of sample 4 is related to an im-
Figure 6 portant increase of the figure of merit d 3 3 g 3 3  and a

a) Ratios of high level above low level coefficients relatively low applied stress TM. The best energy We is
versus the maximum applied stress (T.) during the obtained with the more non linear material. In sample 3
impactT E the high level g3 3 coefficient is particularly low, as

E 33-L d33HL 7331L g 433 L (d 3 3 9 3 3 )HL a consequence the open circuit voltage Vo is reduced.= .,d= - , s= -, g= - , dg-
ELT d33A. 3LL a93LL (d 33933)LL A structural analysis by X Rays of various hard composi-

33L33LL.( 3 g~ 1  y ascmoi
tions shows that the highest non-linearities under high

b) Short-circuit electric charges (Qsc) and open cir- stresses occur for mixed phases situated on the rhombo-
cuit voltage (Vr) versus TM hedral side of the tetragonal-rhombohedral phase tran-

sition.

* Quartz st silice, France
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1 2 3 4

P 190 P 190 Sample 3 sample 4
6.35 x 15 mm 2.

7 
x 5 mm 2.7 x 5 mm 2.7 x 5 mm

CON:LU S ION
d3 3 ML 360 600 410 590

-- 1.76 -= 3.05 -=1.67 -- 2.8
205 197 245 210 Anomalously high electromechanical coefficients are

933NL 28.9 26.1 19.2 34.5 shown off with the help of an analog model of an impact
-= 0.9 -= 0.9 - =0.64 - 1.05

9
33LL 32 29 30 33 igniter. When small sized piezoelements are submitted

d33g33ML 10.4 15.7 7.9 20.4 to very high stresses the non-linearities are the high-
= 1.58 - = 2.75 - 1.08 -- = 2.93 est, but the reversibility is kept on. Further investi-

d33933LL 6.6 5.7 7.3 6.93
i -- _gations are made in order to determine the relationship

E3 3 rhL 1410 2600 2420 1930 between these non-linearities and the composition or
= 1.95 - = 3.4 - = 2.6 -- = 2.7

33rt L 722 765 930 714 the structure of the piezoelectric material.

E
833ML 14.9 25.9 16.1 29.6

- 1I -- = 1.9! - I -= 1.9
E 14.9 13.7 16.1 15.6833LL RZPZRBNCES

k33NL 0.84 0.78 10.69 0.83
- = 1.27 - = 1.2 = 1.03 - = 1.24

k 3 3 LL 0.66 0.65 !0.67 0.67 [1] IEEE standards on piezoelectricity, ANSI/IEEE std

HI. I 7.8 8.15 - 16.6 9.47 176 (1978)

- = 28.9 - = 28.1116.6 23.4 - 14.6 [2] H. Ohanessian, Th~se Lyon France, n= 89 ISAL 0020
tanSL1 % 0.27 0.29 0.71 0.65 (1989)

we [3] P. Gonnard, C. Garab~dian, H. Ohanessian, L. Eyraud,
3 4.8 )61 56 91 ECAPD2, April 1992 (to be published)

(mJ/cm ) I I
1 [4] M. Marukake, Chitansan Briumu, Jitsuyoka, Kenkyu,

2T 3Kai Report, n* XV.83.555 (Sept 1965) (in Japanese)

(N/Im
2 

.10 6 3 15 51] P. Gonnard, C. Garabddian, C. Richard, D. Audigier,
-4-2- ____ I L. Eyraud, Electroceramics III June 1992 (to be pu-Iv (kv 23 19.5 ! 15.7 21

__ i blished in Sil. Ind. Ceramic Science and Technolo-

o .98 0.78 t0.69 ±0.7
(~1b I 6] L. Eyraud, P. Gonnard, B. Claudel, J. Am. Ceram.

Soc. 73(7), 1854-56 (1990)

1 3.1 13.6 12 ' + 12.2

(VCb/cm') I i

Table I

High level characteristics of piezoelements used

in dynamic compression

I and 2, size effects

2, 3 and 4, composition effects

d 3 3  in pC/N and 933 in 10 
3

Vm/N,

d3 3 g3 3  and s33 in 10"
1 2

m
2 

/N
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THE MECHANISM OF LOW TEMPERATURE SINTERING PZT CERAMICS WITH ADDITIVES OF Li 2 0-Bi 2 0 3 -CdO

*Xiaoxing Wang, Peiwen Lu, Dawei Shen, Wanrong Xue arnd **Meivu Zhao
*Department of Silicate Engineering

Nanjing Institute of Chemica Technology
Nanjing, Jiangsu 210009, P. R. China

**Shanghai Institute of Ceramics
Chinese Academy of Sciences
Shanghai 200050, P.R. China

A3SI'RACT The effects of Li 2 0, Bi2 03 , CdO and V2 05 on ing temperature of B-PZT ceramics. The electromechical
sintering temperature and electromechanical properties properties of the samples were measured by ,P-4192A
were invest igated. In or-der to reduce the sintering impedence analyser and d33 meter. SE1, STEM X-ray eneriv
temperature further, the complex additives of Li20- spectra and TG-DTA methods were used to stud the me-
Hi 20 3 -Cd (IBC) were employed. The rusults show that LBC chanism of low temperature sintering through the obser-
will melt to form Liquild at low temperature. It was vation of the thin foil specimens. The dynamics of lo6
adventageous to promote the densification of ceramics. temperature sintering was carried out by determining
The mass transport process of solution and reprecipita- the linear shrinkage of the cubic samples of L.C-PZT as
tion made the elements distribution uniform and further a function of sintering time at 900*C and 960 C.
densification of ceramics. There was no influences on
the electromechanical properties of PZT ceramics be- Result and Discussion
cause the additives have no harmful impurities in it.

The effects of various additives on the sinter-
Introduction ing temperature and electromechanical properties are

shown in Table 1. Comparing with CdC0 3 Li2CO3 and Bifl3,
The vaporization of PbO in PZT ceramics is of it can be found that V205 exhibits remarkbale inflence

great significance because it influences the electro- on lowering sintering temperature. The amount of O.5wt%
mechanical properties of PZT ceramics and causes the en- can reduce sintering temperature about 100'C. flowever,
viromental pollution.[ll[2] The additives are always V2 0 5 shows that it has harmful influences on the elec-
employed to lower sintering temperature.[3][41[51 The tromechanical properties of B-PZT ceramics. The,!,d of
amount of vaporization will be reduced remarkably if B-PZT ceramics with 0.5wzt% V205 decreased to 31%. It is
the sintering temperature can be reduced to IOOOnC or only half value of B-PZT ceramics. In this case, V-0)
below. However, it is very important to choose the could not be considered as a proper additive.
additives. In the present paper, The effect of addi-
tives and their amounts on sintering temperature and CdC0 3 , Li 2 CO3 and Bi 2 0 3 show the effects on
electromechanical properties have been investigated, lowing sintering temperature in a certain degree. The
The mechanism of low temperature sintering was examined, results further indicate that Li2CO 3 is not only lowing

sintering temperature but also increasing the electro-
Materials and methods mechanical properties of B-PZT ceramics. Therefore, it

is an ideal additive for B-PZT.
As a 5asic system of PZT ceramics(B-PZT) for

low temperature sintering, the composition is In order to reduce the sintering temperature
Pbl-xBax(Zro.53Tio.47)03+ ySb205 + zSi02, wher x=0-20 further, employing complex additives is necessary.
mol%, y=O-2.5wt% and z=O--2.5wt%. If there is no addi- Table 2 show the electromechanical properties of the
tives in this system, the ceramics should be sintered samples with and without additives of LBC sintered at
at 1250'C for 2 hours(see table 2). The additives of different temperature and remaining time. The results
CdC03, Li2C03, Bi203, V2 0 5 and complex additives of indicate that the optimum sintering temperature has been
li20-Bi 2 0 3 -CdO(LBC) were employed to lower the sinter- reduced about 300 C because of the adding of L13C addi-

Table I The effects of additives on sintering temperature and electromechnical properties

No. additives adding amount wt% sintering temperature -C Kp % E tgs %

1 1250 68 2550 1.65

2 CdCO3  1.0 1150 62 2000 1.75

3 CdCO3  2.5 1100 63 2260 1.35

4 CdCO 3  5.0 980 58 2250 2.20

5 Li 2 CO 3  0.1 1150 69 2250 2.20

6 Li 2 CO3  0.3 1100 68 2570 1.80

7 Bi 2 03  1.0 1150 58 1850 2.00

8 Bi 2 0 3  3.0 1100 46 1600 2.10

9 V2 0 5  0.5 1150 31 1400 1.60

10 V2 0 5  2.0 1050 24 900 1.45

CH3080-0-7803-0465-9/92$3.00 ©IEEE 585



Fable 2 Properties of the samples of BI('-PZT and B-PZT sintered at different t ý,icr.!ure, anid r rlU !n)ý tiMP

LBC-PZT B-PZT

time(hrs) 2 4 6 1 2 2

sintering temperaure *C 960 960 960 900 900 1250

KP 67.5 68.0 67.5 57.0 63.0 68.0

CT"/ 2160 2200 2100 1780 1870 2550

d 3 3 xlO 1 2c/'N 555 570 565 370 445 610

tgt % 1.95 1.90 1.90 2.40 2.30 1.40

Qm 43 44 44 53

tives and there is no significant difference in electro-
mechanical properties between B-PZT and LBC-PZT cera-
mics.

,1ii,

AU *

365 C

0 o"TO, 3O 1o0 5o0C, a ?o *0

Fig.2 TG-DTA curves of the additives of LBC

B

Fig.l (a) Bright field STEM micrograph of LBC- x Cd

PZT ceramics quenched from 900'C remaining 10 I Bi

minutes(40000x) (b) Electron diffraction pat-
terns of microareas A and B - 0.4

Fig.1 shows the SEIl micrograph and electron 0.2
diffraction patterns of the thin foil specimens. Micro- .

areas A and B are located in grain and grain boundary •
respectively. The results indicate that microarea A is 2 tO 0 10 :N•
crystalline structure and B is noncrystalline struc- Distance Irom grain boundary (cin)

ture.This means that the low temperature sintering of
LBC-PZT ceramics is a sintering of presence of liquid. Fig.3 (A) Bright field STEN and SERl micrographs
The TG-DTA curves of LBC also indicate that it melt to of the sample sintered at 900*C for 10 minutes
form liquid at 5lOaC(Fig.2). The presence of liquid (B) Cd and Bi content variation from grain boundry
will promote the densification of ceramics. Fig.3 are to grains.
the STE:;, SFI micrograph and the X-ray energy spectrum
of sample sintered at 900°C for 10 minutes. It can be The result of the experimentof dynamics of low
found that Bi and Cd content in grain boundary are temperature sintering is illustrated in Fig.5. The sin-
richer than those in grains. However, the X-ray energy teiring process can be divided into three stages. In
spectrum of the sample sintered at 900'C for 4 hours the first stage, the relationship between AL/L and t
show that the elements distribution in five microareas is a line with the slop of 1.04. It corresponds to the
from grain boundary to grain has been uniformed(Fig.4). rearrange of particles during the initial stage of
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Fig.5 Logarithm of linear shrinkage as a function
of logarithm of sinterin8 time for LBC-PZT ceramics

In accordance with these results, the mechanism
of low temperature sintering of LBC-PZT ceramics can be
derived, that is, the additives melt to form liquid at
low temperature and they are rich in grain boundaries.
The liquid presented in ceramics promote the densifica-
tion through the rearranging of particles. After that,
the ceramics are densified further by the mass trans-
port process of solution and reprecipitation and the
distribution of the elements in the ceramics tends to
uniform. At last, the pores remained in ceramics are
sealed and the sintering process is to its end. Because
there are not any harmful impurities in the additives,
the electromechanical properties of LBC-PZT ceramics
almost has no change.

Conclusion

A small amount of Li20-Bi 2 0 3 -CdO can be employ-
ed as ideal additives for B-PZT ceramics. LBC will melt
to form liquid at low temperature and promote the den-
sification of ceramics. A mass transport process of
solution and reprecipitation make the elements distri-
bution uniform. Because there are not any harmful im-
purities in LBC, there is little influence on electro-
mechanical properties.
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DrILWMC, PlROELOMTRIC AND PIEZOELFC1IC PROPRTIES

IN THE PVM19/3 Nb2/3)O3-PbTiO3-•(Znl/3N2/3 )03 SYSIN

S. H. Lee, K.C.Kim, Y. J. Kim, and S. W. Choi
Department f Physics, Dankook University,

29 Anseodong, Cheonan, Chungnam, Korea

Abstract Results and discussion

Dielectric, pyroelectric and piezoelectric proper- Dielectric properties
ties of ceramics in the PMN-PT-PZN system have been
studied as a function of PT and PZN content for comp- Figure I shows typical plot of the dielectric co-
ositions near the morphotropic phase boundary(PMN-PT). nstant and the dissipation factor at various freque-
The dielectric constant and loss of poled ceramic sa- ncies (0.1 to 100 kHz) for composition 0.75PMN-0.20
mples were determined. Pyroelectric coefficient and PT-0.05PZN. The transition temperature increases with
electromechanical coupling factor are observed on va- increasing frequency as shown in Figure 1. Most of the
rious compositions. The transition temperature and compositions show a diffuse phase transition with a
peak temperature of the ceramics decreased gradually strong frequency dispersion. It is characteristic of
with the addition of PZN, their rates of decrease are relaxor ferroelectric materials.
about 5-7 0 C/mol%. The addition of PZN to the PMN-PT
relaxor ferroelectric system resulted in slightly re-
duced the dielectric constant. Further addition of 20. 0.75PMN-O.2OPTO.O _Z.0 1 0

PZN could be used to shift the Tc downward without si- 6- poling: DC 15 kV/ctn
gnificantly changing the electrical behavior. 0 f - 100 kHz- f 01 kHz

! 1 k /z . f - 10 kHz ;

Introduction o - 1o kz

Lead magnesium niobate Pb(Mgl/3Nb2/3 )03 (hereaft- Z f - 0.1 kHz-'--0-
er designed PMN) is a ferroelectric material with a
partially disordered perovskite structure. It under- " ' 1

goes a diffuse phase transition near -1550. In the Pb
(Mgl/3Nb2/3)03-PbTiO3 (PMN-PT) system, a morphotro- 0
pic phase boundary(MPB) exists between the rhombohed-
ral and tetragonal phase, near 35mol of PT.l. 2  Pol- W

ycrystalline with compositions near MPB extremely sh- 0
ow large dielectric, piezoelectric and pyroelectric 0 100
coefficient. Pb(Znl/3Nb2/3)03 (PZN) is also a pro- TEMPERATURE( 0 C)
mising candidate material for electrostricive microp-
ositioners3 .

The present work was undertaken to investigate Figure 1. Temperature dependence of toe dielectric
the dielectric, pyroelectric and piezoelectric prope- constant and the dissipation factor as a Zrnction of
rties of ceramics with perovskite structure in the frequency for 0.75PMN-0.20PT-0.05PZN.
PMN-PT-PZN ternary system.

Experimental procedure The dielectric constant vs. temperature behavior
at IkHz is shown in Figures 2 and 3 for various com-

The compositions selected for the present study positions across the 0.60PMN-(0.40-x)PT-xPZN and Q.75
were of the type (I-x-y)PMN-xPT-yPZN with x varying PMN-(0.25-x)PT-xPZN solid solution series, respecti-
between 0.05 and 0.35 and y varying from 0.025 to 0.35. vely.
Ceramic samples (reagent grade powders) across the MŽN The transition temperature variation of dielect-
-PT-PZN series were prepared by using the colunbite ric constant as a function of composition x at 1 kHz
precursor method as described by Swartz and Shrout 4 . is shown in Figure 4. The transition temperature de-
Completion of the reactions was verified using X-ray creases with the amount of PZN.
diffraction as well as to determine the appropriate In the compositions with the same of PZN, the di-
structure, electric constant as a function of temperature is sh-

The dielectric properties were measured with an own in Figure 5. As can be seen, the maximum of the
HP multi-frequency LCR meter. The dielectric constant dielectric constant increases with rising x until x
and dissipation factor were measured as a function of 0.225. In the region x,0.225 the dielectric consta-
temperature at various frequencies between 0.1 and nt decreases with increasing x. The transition tenm-
100kHz at a temperature rate of 41C/min. The pyroele- perature variation of the dielectric constant as a fu-
ctric coefficient was measured by the static Byer-Ro- nction of mole fraction of PT in the (0.90-x)PMN-xPT-
undy method 5 as the samples were heated, again at rate 0.10PZN series at 1 kHz is shown in Figure 6. In the
of 4VC/min, through the phase transition region. Prkr compositions with the same percentage of PZN, the tr-
to the dielectric, pyroelectric and piezoelectric me- ansition temperature increases with the amount of PT,
asurements, the specimens were poled by applying a DC their rates of increase are about 5-6oC/mol%.
field of about 15 kV/cm while cooling from well above
the transition to a temperature well below. Electro- Pyroelectric and piezoelectric properties
mechanical coupling factor was measured by using re-
sonance -antiresonance methodg. Suitably chosen composition in the (I-x-y)PMN-xPT-

CH3080-0-7803-0465-9/92$3.00 ©IEEE 588



14,

200 .60PMN-(0.40-x)PT-XPZN (0.Q0-x)PMN-xPT-0.1OPZN
r ppolnt D DC 1C kV/cV

poig DC1 /c x,-0.25 X • x-0,6,-226
.*,2 t kz lk20 XO22

00 I-00'C6

o6 _w00 Ix-0. 2 00 TE PE027E•;

O1. 6PMN- (0.40-x) PT-xPZN,

-0.75PMN-(O.2-x)PT-xPZ. 
x200

0 o : kVc • poling.C 1 kV/cm

Sx • f Ik~z f " 1kHz -

_J

00 00 1 -00

TEMPERATURE(OC) 
ML RCINO bi•x

Figure 2. Temperature dependence of the dielectric Fiur 5. Tempratiouorte trnstontpendnefthe diealfuctrion

constant as a function of the mole fraction of PZN for constath ase function of PT in he(0.90-x) PMN-xPT-0 M

0.7PMN- (0.05-x)PT-xPZN.

00 16 0.0.10PMN-(0.02-x)PT-xPZ0 0.0

Figu e 3. Temp ratu e de ende ce o the diel ctricase 6. pu re a x ofN th e transitfion tempeat ure a s a bf ncto n

co s a t a u c i n of t e m l r c i n o PZ f r of the m ole fra ction ofth Pan ind theon( of90 Tx and P-xPT-

O.75PT1N-P.25-x)PT-PZN. O.IOZN system

tran s olido lut ionra ur s ove sh ar anomaliesN ian the sute-ald0 poling :Ce1frhrotmperature pyroelectric response

f 1 kHz near thefoelectric transiations t uh

O:0.OPM(0.0-x)~xPM cse Fipures 7 tnhe w trasiio tyremperatureis boeoiien

roomuctono temperature.it anfdton vrofs vTande of the
toe ranstion temperaur of the 06PMN-O.4-x)PcnTe ui-PN

~~~~and 0 7Pie -(e0.tric aPlications.re ,rspciey

FiueT nd8so he pyroelectric coefficientinraewthdras
[X:O75P N-(.25-)PTxPZ as afntie o n of tePZN oeraue fr, vaprious vluesi cofe th

L ,olef raction of two cpointhens 0.60PMN-(0.40-x)PT-xPZN

0.10 0.x00.402 0iin ftocmoiins .OM-O4-)Tx

-0.20and 
.75PN - (0.25-x) PT-xFZN, decrease for x0.25

MOLE FRACTION OF PZN~x) and x < .0.5, respectively. The composition with the

maxinum pyroelectric coefficient might be similar to

that observed in the dielectric constant vs. tempera-

ture studies. The broadening of the peaks in the py-
Figure 4. Variation of the transition temperature roelectric coefficient vs. temperature plots may be

as a function of the mole fraction of PZN in the PMN- due to the coexistence of the ferroelectric and para-

PT-PZN system. electric phases.
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0BO0PMN-(0.40-x)PT--xPZN 200
x-.5poling. DC 15 kV/cmnpln :1 wi

LL -030 x0.O20 X-.60.SOPMN-(0.40-x 
)PT-xcPZN

X-0,1 W100
I-. 0

00 076PM-(0.26-x)PT-xPZN
(LTEMPERATURE(OC) 0.10O 0.20 0.30 0.40

MOLE FRACTION OF PZN(x)

Figure 7. Pyroelectric coefficient for various mole Figure 9. Variation of the peak temperature as a
fraction of PZN for 0.60PNN-(0.40-x)PT-xPZN as a fun- function of the mole fraction of PZN in the RplN-pT-
ction of temperature. PZN systemn.

~4.0 O.5M-(.5x)TjZ 5.0(0-xPNPT.OZI
0.5M202-)TxZ- 09-)M-P-.0Z

-~Poling: DC15 kV/cwn poling :DC 15 ky/cm
W x-0.20

X X X-0.176

LA. 
LL.0 X-0.225

0 2.0ý 25

0 ~x,0.0260
X O16

IL0 100 00120
TEMPERATURE( 0C) 0( TEMPERATURE(@C)

Figure 8. Pyroelectric coefficient for various mole Figure 10. Temperature dependence of the pyroelectric
fraction of PZh for 0.7SPMN-(O.25-x)PT-xPZN as a fun- coefficient as a function of the mole fraction of PT
ction of temperature, for (0.90-x)PMN-xPT-0.10PZN system.

The peak temperature of pyroelectric coefficient
with mole fraction of PZN in the 0.6OPMN-(0.40-x)PT- -j.GxPZN and 0.75PMN-(0.25-x)PT- xPZN is shown in Figure9. E(0.85-x)PMN-xPT-0.15PZN
The peak temperature decreases almost linearly as the .. poling: DC 15 kV/cni
amount of PZN in the composition increases, their rates ?
of decrease are about 5cC/mol%. Figures 10, 11 and x-0.125
12 show the pyroelectric coefficient as a function of
temperature for various values of the mole fraction X-0.16
of PT in the (1-x-y)PMN-xPT-yPZN 

series. As can be ILL 102pol'D 
5kc,

seen, in the compositions with the same mol% of PZN, 2.6 x02
the peak temperature increases with the amount of PT. t x-0.200

In each series the maximum pyroelectric coefficient 2 X01
is observed for the compositions 0.675PMN-0.225PT-0.10 x-0.25
PZN, 0.725PMN-0.125PT-0.l5PZN and 0.70PMN-0.10PT-O.20 WU

PZN. .

Figure 13 shows the room temperature value of el-0
ectromechanical coupling factor, Kp, of the composi- > 0 100 200
tions 0. 60PMN-(0.40-x)PT-xPZN and 0. 75RIN-(0. 25-x) PT ILTEMPERATURE(OC)
-xPZN series as a function of mole fraction of PZN.
A maximum coupling coefficient was found at the com-
positions 0.6PMN-0.15PT-0.25PZN and 0.75PMN-0.20PT-
0.OSPZN, respectively. The foregoing compositions Figure 11. Temperature dependence of the pyroelectric
are in good agreement with those exhibiting maximums coefficient as a function of the mole fraction of PT
in dielectric constant and pyroelectric coefficient, for (0.85-x)PMN-xPT-O.l5PZN system.
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coefficient as a function of the mole fra-rion of PT pp. 333-338, 1972.
for (0.80-x)PMN-xPT-0.2OPZN system.

(6) IRE Standands on Piezoelectric Crystal: Measure-
ment of Piezoelectric Ceramics, Proc. 1961," IRE(Inst.

80.50 Radio Engrs.) vol. 49 (7), pp.1161-1169, 1961.
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Figure 13. Electromechanical coupling factor as a
function of the mole fraction of PZN at the room tem-
perature.

Conclusions

The addition of Pb(Znl/3Nb2/3)03 to thePMN-PT re-
laxor ferroelectric system resulted in slightly redu-
ced K and the phase transition temperature decreases
with the amount of PZN. Futher additions of PZN cou-
ld be used to shift the Tc downward without signifi-
cantly changing the dielectric and pyroelectric beha-
vior. In compositions with the same percentage of
PZN, the Tc increase with the amount of PT. The max-
imum electromechanical coupling factor are obtained
in the compositions with the maximum dielectric cons-
tant.
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INFLUENCE OF MOISTURE ON PYROE!'CTRIC PROPERTIES OF BONE

Vadim E. Khutor-Jky and Sidney B. Lang
Department of Chemical Engineering

Ben-Gurion University of the Negev, Beer Sheva, Israel

Abstract Experimental Procedures

Pyroelectricity is a universal property The specimens for investigation were cut
of all biological systems, although its source from turkey femur by a water-cooled saw blade.
has not yet been determined. In this work, The samples were about 1 mm in thickness and
the voltage and time dependencies of the the specimens were oriented with their major
pyroelectric properties of wet and dry bone faces either parallel or normal to the long
(turkey temur) were investigated using the axis of the bones. After cutting, the samples
dynamic pyroelectric method of Chynoweth. The were cleaned and air-dried. Silver paint was
current generated by the sample had both real used as an electrode material with a thin
and imaginary components. The magnitude of layer of black ink to increase the
the response was almost the same, regardless absorptivity. The measured absorptivity of
of which sample electrode was irradiated with the samples for 632-nm radiation was about
the laser beam, but the signs were opposite. 96%.
The current increased up to several orders of
magnitude when a bias DC field of 1000 V/cm The pyroelectric effect was measured with
was imposed. When the bias field was switched the dynamic method of Chynoweth (15], in which
off, a current in the opposite direction with the sample is heated with a modulated beam of
a decay time of tens of hours was measured. radiation and the generated voltage or current
There was also a slow decay of a direct is measured. The apparatus is shown in Fig.
current with a polarity opposite to that of 1. The radiation from a 35-mW He-Ne laser was
the bias field. In conductivity measurements, modulated by means of a light chopper. A
the DC varied nonlinearly as the 1.5 power of current amplifier was used for amplification
the voltage. When the samples were stored in of the pyroelectric current, and the amplifier
vacuum at 100' C for one hour, both the analog output was input to a lock-in amplifier
pyroelectric coefficient and the conductivity whose reference voltage was taken from the
decreased by several orders of magnitude. We light chopper. Both real and imaginary
conclude that the pyroelectric properties of components of the current were determined.
bone depend strongly on the moisture content The measured values are referred to as AC
and thý,t the polarization in wet bone is non- (alternating current) in the discussion below.
uniform. The polarization appears tc be due In some experiments, a DC bias voltage was
to an internal field at the interfaces of the applied during measirements by means of a high
solid matrix and the fluid within the pores, voltage supply. The direct current (referred

to as DC below) was measured by a digital
electrometer. The dielectric constant and

Introduction loss tangent of the samples were determined by
means of the lock-in amplifier.

Electrical polarization in biological
systems is determined by their structure. NEUTRAL SAMPLE
There is much evidence of its importance in 'IFNSITY CHAMPFR
physiological processes. The pyroelectric Lit 1TFq

effect, first observed in dried bone and SAMPI t
tendon by Lang [1], has been studied in large
numbers of biological materials (2]. Itresults from the alignment of polar organic 35 mWHeg N-r'~ LIGHT I--

molecules, usually proteins such as collagen LSEF
[3]. The measurement of the pyroelectric .. ._
properties of materials provides a convenient
and sensitive means for investigation of the
state of polarization. ýn addition, the
pyroelectric effect itself appears to have
biological significance [4] The influence of
physiological levels of moisture has not been
explicitly considered previously, although
some effects have been reported (5-10]. The
piezoelectric effect, which is closely related LOCKN C- IRIlFT
to the pyroelectric effect, ply a morat v0 VO]G

role in processes of bone growth, remodeling
and fracture healing. Its different
behavioral mechanisms in moist and dried
tissues have been extensively studied [11-14].

In these experiments, we investigated the
pyroelectric effect in both physiologically Fig. 1. Experimental apparatus for
moist and dry bone. The effects of bias measurement of pyroelectric properties of
electric fields were studied and dielectric bone.
properties were measured.

(COHt 3j--7803fi459/25.W E !592



Dry samples were prepared by placing the The observed AC was not solely due to a
physiologically moist samples in a vacuum at pyroelectric effect, because it also contained
lOO-C. The samples lost about 10% in weight a temperature dependent conduction current.
and the currents measured in the Chynoweth The pyroelectric current of a homogeneous,
experiment reached steady values after about thermally thick sample having thin electrodes
an hour of drying. The weight and is real and frequency-independent. A
pyroelectric, dielectric and conductivity thermally-modulated conduction current is
properties could be restored to approximately imaginary and inversely proportional to
their original values by storing the dry frequency. The frequency behavior did not
samples in deionized water for about 24 hours. corresponc to this model, as shown in Fig. 4.

This was die to a phase shift in the current,
resulting from two sources: (1) a large

Results and Data Analysis electrode thermal mass and (2) a long
pyroelectric relaxation time. A related

Both real (in-phase with the laser dielectric relaxation was observed in the
illumination) and imaginary (out-of-phase) frequency dependencies of the dielectric
components of an AC were observed for moist constant and loss tangent, as illustrated in
bone. The absolute values of the components Fig. 5, and also reported previously [16].
increased by four to five orders of magnitude The dielectric properties of moist bone
for bias fields of about 2000 V/cm as shown in appeared to have a Debye-type dispersion with
Fig. 2. A bias field of only 1 V/cm was saturation of the dielectric constant below 10
sufficient to develop a magnitude of current Hz.
equivalent to that of an unbiased sample. A
large DC due to conduction was also measured
with the imposed bias field, as shown in Fig. -4
3. The conductivity behavior was nonlinear, 0
with the current varying approximately as the F O

1.5 power of the voltage. The signs of both 0 OIST

NC components were reversed with a reversal of - R
the bias field. The magnitude of the response ; o
was almost the same, regardless of which 00 F
sample electrode was irradiated with the laser z 8 I
beam, but the signs were opposite. oCa 0

-10

3 o°
V)• 0 oOO -12 o

z 2 0
0 000 1 t

--- o0 -2 -1 0 1 2 3

z d 0
wi >- o o LOG(VOLTAGE) (V)

So Fig. 3. Current-voltage behavior of moist

0 -3 - and dry bone.

Z 4 - 2000 -

- 3 V~vvv
Z IA
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a 0•
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(5 0. 0 z
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< v DRY SAMPLE -- REAL -2R00

3 . DRY SAMPLE -- IMAGINARY < I I 4
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ELECTRIC FIELD (V/cm) < -4000
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Fig. 2. Dependence on bias field of real FREQUENCY (Hz)
and imaginary components of AC generated by
moist and dry bone when irradiated by the Fig. 4. Dependencies of real and imaginary
modulated laser beam. Chopping frequency components of AC on the modulation
was 5 Hz. frequency. Bias electric field was 1600

V/cm.
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A theoretical model was developed in
order to separate the AC into pyroelectric and I00
thermally modulated conduction current ui
components. The model was based upon the 3 1
following assumptions: (1) the pyroelectric
effect was characterized by a single 2w 7 4000
relaxation time; (2) the conductivity was 0
temperature dependent; (3) the electrodes had U o
a finite thermal mass; and (4) the sample was 0
thermally thick. The model was fitted to the 0E

experimental data by a nonlinear least squares U U 2000
technique to determine four parameters: (1) _the pyroelectric coefficient; (2) the
pyroelectric relaxation time; (3) the
temperature coefficient of the conductivity;
and (4) the thermal mass of the electrodes. 0 o11 __j
The least squares fit was good for all levels 0 500 1000 1500 2000
of the bias fields. It was less satisfactory ELECTRIC FIELD (V cm)
for the measurements with no bias field
because of nonuniformities in the polarization
distribution of the samples [17, 18]. T h e Fig. 6. Dependence of pyroelectric
pyroelectric relaxation time was about 0.01 coefficient of moist bone on bias field.
sec, which is of similar magnitude to the
relaxation time of the dielectric constant of
Fig. 5. However, the latter apparently
contains a wide spectrum of relaxation times. 1.0_ _

The electric field dependence of the 6
calculated pyroelectric coefficient is shown
in Fig. 6. The coefficients attain extremely
large values for small bias fields, exceeding 0 3 Zthe pyroelectric coefficients of the best *g • C••

ferroelectric materials by an order of 0 0Z
magnitude [19].

400 -0.5 0 8 -3
Z OO0

DIELECTRIC CONSTANT: Z 0 0 0 AC -- REAL
Z 0 MOIST 0-1.0 AC -- IMAGINARY -6

o o VDRY O 0 DC< 300 0'7v 0DR J3
n ! -SS TANGENT: Z o 0

Z 0v MOIST I -1.5 I -90 DRY OZ 1-2 10-1 100 101 102
o Z

200 0 2 'TIME (hr)

SV0I

0 ./1

0o v1 O Fig. 7. Decay of AC and DC of moist sample
e r w shr circuitedo-I after bias field was switched off and

101 102 "0110 0

FREQUENCY (Hz) This suggests that, when no external bias is
"applied, an internal bias field produces the

Fig. 5. Frequency dependenci' of much higher pyroelectric coefficient of moist
dielectric constant and loss tangent of bone as compared to dry bone.
moist and dry bone.

The imaginary component of the AC for
dry samples was almost zero, and the real
component was essentially independent of bias

After the bias field was turned of f, the field, as shown in Fig. 2. Consequently, the
real and the imaginary AC components and the real component is almost entirely due to a
DC reversed signs and decayed to the non-bias pyroelectric effect. The induced AC Of Moist
state slowly, requiring about 10-20 hours at bone at the highest bias field was 6 orders of
ambient temperature. This is illustrated in magnitude greater than that of the dry bone,
Fig. 7. The DC component was a discharge and the DC conductivity of the wet bone was 4-
current, possibly resulting from electric 6 orders of magnitude higher (Fig. 3). The

fields produced at solid-fluid interfaces dielectric constant and loss tangent of the

within the bone [11-13]. The AC consisted of dry bone were much smaller, and the frequency
components due to pyroelectricity and to dependence weaker than those of the moist
thermal modulation of the DC component. The bone, as illustrated in Fig. 5.

AC and the DC decayed at the same rate, which
indicates that they have a common origin.
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DL•on [7] S. B. Lang and H. Athenstaedt, "Anomalous
pyroelectric behavior in the leaves of

The differences in the behavior of the the palm-like plant Encephalartos
moist and dry bone depend upon the bonding Villosus," Ferre• lgCIri , vol. 17, pp.
between the collagen of the bone and water. 511-519, 1978.
These bonds are very weak as shown by the ease
of evaporation of water from the bone by [8] M. Simhony and H. Athenstaedt,
vacuum at ambient temperature. The strong "Measurement of the pyroelectric
dependence of the pyroelectric coefficient of coefficient and permittivity on
moist bone on the bias electric field is rhododendron and encephalartos leaves and
caused by the orientational mobility of the on the insect Periplaneta Americana,"
water molecules with their large dipole ,J vol. 29, pp. 331-338, 1980.
moments. By contrast, the large polar
collagen molecules cannot be easily [9] H. Athenstaedt and H. Ciaussen, "Evidence
reoriented, and the pyroelectric coefficient for pyroelectric and piezoelectric
of dry bone is field-independent. The sensory mechanisms in the insect
dielectric properties show similar effects. integument," BiQoph , vol. 35, pp.
The dielectric constant of moist bone is large 365-374, 1981.
and shows significant frequency dispersion
because of the mobility of the water [10] H. Athenstaedt, H. Claussen and D.
molecules, but the dried material has a low Schaper, "Epidermis of human skin:
dielectric constant and little frequency Pyroelectric and piezoelectric sensor
dependence. layer," Sciene, vol. 216, pp. 1018-1020,

1982.
The complex heterogeneous structure of

bone makes a quantitative interpretation of [11] D. A. Chakkalakal, "Mechanoelectric
the results difficult. However, the strong transduction in bone," L. .
sensitivity of the pyroelectric effect to vol. 4, pp. 1034-1046, 1989.
small bias fields and the presence of many
sources of fields in living biological systems
suggests that this effect may be of major [12] S. Singh and J. L. Katz, "Electro-
biological significance. mechanical properties of bone: A review,"

J. Bioelectr., vol. 7, pp. 219-238,
1988-89.
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A PLZT OPTICAL PHASE MODULATOR AND ITS APPLICATIONS

Feiling Wang and Gene H. Haertling
Department of Ceramic Engineering

Clemson University
Clemson, South Carolina 29634-0907

An electrooptic phase modulator was designed
and fabricated by using the quadratic electrooptic effect sinF
-if PLZT ceramic of composition 10/65/35. The modulator
can be operated at either the fundamental or double
frequency of the AC signal driver. The modulator
proved effective as a phase modulation device in a phasc-
detection measurement of small birefringent shift of
thin film materials. The principles for such usage are
discussed.

Introduction

Relaxor ceramic materials in the (Pb,La)(Zr, Ti)0 3  -400 -300 -200 -i00 0 iuu 200 300 400
(PLZT) system are known to possess strong quadratic or V
slim-looped transverse electrooptic effects 1 . The
applications of the materials in optical area have been Figure 1 The electrooptic response of a 10/65/35 PLZT
found in light shutters, spatial light modulators, second ceramic, measured by means of ai phase-detection
harmonic generation as well as waveguide devices such scheme. The Y axis is proportional to sinF with F
as total internal reflection switches 2,3. Although single being the optical phase shift due to the birefringence
crystal materials that possess linear electrooptic effects of the material.
such as LiNbO 3 and KDP have traditionally been the
primary material group for optical phase modulation,
polycrystalline PLZT ceramics which possess quadratic Under sufficiently small external field, the field-
electrooptic effects can also be used as optical phase induced birefringent shift of the material can be
modulation media. In this report, an optical phase expressed as a quadratic function of the applied field:
modulator made from a hot-pressed PLZT ceramic is
presented. The application of the modulator in a phase- An = constant (Eb + E sinilt)2 , (1)
detection technique for the measurements of small
optical phase retardation in thin film materials is where Eb is the field strength of the dc bias, D is the
discussed. frequency of the ac driving electric field. It is obvious

that under a non-zero bias field, the phase shift
Design and Oneration generated by the modulator contains both Q and 20

A bulk 10/65/35 PLZT wafer was chosen as the components. By adjusting the bias field Eb, the relativeamplitude0of65 andPLZTcomonentswcancboaltered.tTh
modulating medium. The material was made with a amplitude of Q and 212 components can be altered. The

hot pressing process using stoichiometric powder function of the bias field in changing the primary

derived from a water-soluble precursor. The material modulating frequency is illustrated in Figure 2 where

was transparent and showed typical dielectric properties function d (t) is the phase retardation produced by the

for the material in this composition, i.e. high dielectric modulator.

constant and very slim hysteresis loop. The electrooptic To visualize the phase modulating function of the
characterization showed that the dependence of the modulator and the interchange of the modulating
birefringence shift on the external electric field was moduencyrwitd the intrchanged, the modulatingprimarily quadratic, as presented in Figure 1. The frequency with the bias electric field, the modulator was
primarickness ofdtic, as waferwasentd 05 F e 10 m The sandwiched between two crossed polarizers with thethickness of the PLZT wafer was 0.5 mm (20 mil) with modulation axis, the direction of the applied electric
both sides being optically polished. To accommodate the field, being oriented at 45 degree angle with respect to
ac driving signal, copper planar electrodes were the polarization direction of the polarizer. With such a
fabricated on one side of the material by a
photolithography technique The electrode gap width arrangement the polarization state of the originallywas 50 lim, which allowed a light beam to pass the linearly polarized light beam was periodically changed

was 0 ým, hic allweda lghtbeamto assthe due to the phase shift r-(t) imposed by the modulator.device without a special focusing effort. An ac electric
signal of adjustable amplitude was fed to the electrode The intensity of the light output I(t) is given by:
pair to drive the modulator. In addition, an adjustable
dc bias was also applied to the modulator. 1(t) = B sin 2[F(t)V2] = B sin 2 [A(Eb + E sinitt)2], (2)

('1 1300-0-7803-0465-9/2$3.(1X) ©IEEE 596



where A and B are two system constants. The waveform oscilloscope, from the second polarizer with the PLZT
of the light intensity given by Equation (2) is graphically modulator driven by a 1kHz ac signal operating under
analyzed in Figure 2. As shown by the figure, the various dc bias voltage. The square waves in the

modulation is p-rely 20 in frequency at zero bias and pictures are the trigger signal synchronized with the ac

gradually become i dominated by the Q component with driving voltage. As expected, the modulation was

the increase of the bias electric field. purely 20 in frequency under zero bias and eventually
became dominated by Q frequency components under a

bias voltage of 150 volts. Components of both frequencies
y=sin2x are clearly represented under an intermediate bias, as

n shown by Figure 3(b). The relative amplitude of
-........ modulation at both frequencies as functions of the dc

bias was measured by a lock-in amplifier synchronized
with the driving function generator. As shown in
Figure 4, with the increase of the dc bias voltage, the

amplitude of the 2Q component decreased while the 0
component increased. Under a bias voltage of
approximately 120 volts the 20l component becomes zero

while the Q component approaches a maximum.
Under this bias voltage, the PLZT modulator provides

Fgeb Eb+Esirn t

t.-

Figure 2 A graphic analysis of the operation modes
of the PLZT phase modulator with and without dc
bias field.

According to Equation (1), the modulation always

contains a 2Q component although its relative

magnitude becomes very small compared to the 0

component when a sufficient bias field is applied. A
pure Q modulation mudc can actually be achieved by
using the saturation behavior in the electrooptic
response of the material. The saturation behavior of the
electrooptic response in PLZT materials have been
observed 4' 5 . In the presence of such saturation, the
quadratic relation for the field-induced birefringence is
no longer adequate; higher order terms or entirely new
functional dependence needs to be used. In the
electrooptic response curve that shows saturation
behavior, there in' t be a point where the second
derivative of the cu. is zero. If a bias electric field is
applied to this point, the modulation will be purely QŽ in
frequency.

In practice, only a fairly low bias field is needed in

order for the modulation at 20 frequency to become Figure 3 The waveforms of the output light

insignificant compared to the Q component. Figure 3 modulated by the PLZT phase modulator operated

shows the waveforms of the light output, recorded by an under (a) bias=OV, (b) bais=20V and (c) bias=150V.
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optical axes of the sample determined by the direction of
the external electric field. The purpose of the
compensator is to compensate the constant phase shift
generated by the modulator and to calibrate the system.

w
"2Q With the PLZT phase modulator being driven by

an ac signal of frequency Q2 under zero bias, the total
2 phase retardation for the light polarized along the
"" modulating axis consists of contributions from all three

components, namely, modulator, compensator and
- sample:

o Fn
V r = rmod. + Fcomp. + Fsamp. (3)

0 100 200 As been previously pointed out, the electrooptic effect of

BIAS (V) PLZT materials exhibits high order field dependence

Figure 4 The Q and 202 frequency components in the and saturation behavior in some circumstances. The
light modulated by the PLZT phase modulator plotted phase modulation produced by the PLZT modulator,
as functions of the bias voltage, therefore, should be expressed by the following Fourier

series:
the same modulation as that from a traditional
modulator utilizing the linear electrooptic effect of single
crystals, except that there is a constant phase shift. The rmod.(t) = constant + Cmsin2mnf2t, (4)
constant phase shift can be compensated with an optical m=1
compensator in applications where it is not desirable.
Much lower ac driving voltages are needed to achieve the where coefficient C1 is proportional to the quadratic
same phase modulation depth for the PLZT modulator electrooptic coefficient of the PLZT modulating medium;
than for traditional modulators because of the strong C2 is proportional to the quartic electrooptic coefficient,
quadratic electrooptic effect in the PLZT ceramic. etc. Although in most instances only C1 needs to be

considered, the whole summation in Equation (4) is
AR2lications retained for the strictness of the following discussion.

The PLZT phase modulator has been successfully By adjusting the compensator, the constant in
used as a phase modulation device in a phase-detection Equation (4) can be eliminated; therefore we have
scheme for the measurement of small birefringences of
thin film materials. The optical arrangement for such
application is shown in Figure 5. The PLZT F(t)= _Cmsin2mfit+rsamp, (5)
compensator together with an optical compensator and m=1

the sample to be measured are sandwiched between two
crossed polarizers. The modulating axis of the The light intensity detected by the photomultiplier tube

modulator is oriented 45 degrees with respect to the (PMT) is therefore given by

polarizer but parallel (or perpendicular) to the principle

PhaT Sample

H-eLsr Polarizer Modulator Compensator Polarizer PMT Detector

AC (•• Source

Source

Amplifier

Figure 5 The optical arrangement in a phase-
detection scheme using the PLZT modulator as a
phase modulating device.
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1(t) Iosin 2(U/2) film of 0.5 pim thick grown on a fused silica substra' 3,
measured with the above phase-detection system under

= (1d2)[1 + cos( Z Cmsin2milt + Fsamp.). (6) zero-bias mode.
m=1

When an appropriate bias field is applied, the
If the reference signal of the lock-in amplifier is chosen modulation becomes predominated by the 0 component.
as sin21lt, the output signal of the lock-in amplifier, S, is With the reference signal of the lock-in amplifier set at

proportional to the amplitude of the sin2!t term in the sin(t, the above measuring system functions similarly

Fourier expansion of Equation (6), that is as in the zero-bias mode.

t

S = D I I(t) sin2Qt dt
o

t An optical phase modulator was made by using

D f cos( Clsin2mat + Fsamp.)sin2fft dt (7) the quadratic electrooptic effect of a hot-pressed PLZT
0 m=l ceramic. The device can be operated in a zero-bias mode

which provides a modulation at double the frequency of

where D is a system constant. It can be shown that the the driving signal. When an appropriate bias is applied,

above integration is approximately given by the modulator provides a modulation dominated by the
component at the frequency of the driving signal.

S = D Jj(C1 ) sin-samp. (8) Application of the PLZT modulator has been found in the
phase-detection scheme for the measurement of very

where J 1 is the Bessel function of the first order. With a small birefringence in thin film materials.

fixed driving signal amplitude, C 1 is a constant; the
output signal from the lock-in amplifier therefore is References
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Figure 6 The birefringence versus E-field curve for a
2/55/45 PLZT thin film of 0.5 pm thickness sputter-
deposited on a fused silica substrate, measured with
the phase-detection scheme using the PLZT phase
modulator.
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MODEL OF ELECTROOPTIC EFFECTS BY GREEN FUNCTION AND SUMMARY
REPRESENTATION:APPLICATIONS TO BULK AND THIN FILM PLZT DISPLAYS AND

SPATIAL LIGHT MODULATORS

A. Y. Wu,a Tom C. C. Chen,b and H. Y. Chenb

aCenter for High Technology Materials and
bDepartment of Electrical Engineering and Computer Engeering

University of New Mexico
Albuquerque, New Mexico 87131

Field distributions and electrooptic effects in ceramic bulk and thin film materials have been
calculated using summary representation method. The method has been used to treat problems
in PLZT bulk and thin film displays/spatial light modulators.

Introduction boundary. The solution at all the interior grid points is expressed
in terms of an n-element vector, U(i), along the vertical lines.

For the purpose of understanding the electrooptic effects in For all the situations described here, it will be assumed that the
electrooptic single crystals or ceramic materials, it is necessary to boundary conditions on the horizontal lines are zero. This is not a
know the optimum field distribution and the accurate fundamental restriction, but is done to simplify the expressions.
determination of electrooptic parameters including the half-wave The geometry of the grid defines the following terms which
voltage applied so that accurate electrooptic coefficients can be appear in the solution. These terms come from the solution of the
obtained. For this purpose, we have used three computational second order difference equation which describes the specific
methods: Green function, iteration, and summary representation. problem in question:
The methods of Green function and iteration are familiar to
trained researchers, but the method of summary representation is a "y =AX/AY; k=l+'72(l-coslkr/(n+l)]);
rather new method and we will explain its fundamental concept uk-rlk+ /' -I; '-- Vti-ktv

4
7k -l.

and demonstrate its powerful use. The results of our analysis of
electrical field distribution and electrooptic effects in PLZT will The solution for U(i), in terms of the boundary conditions on the
be presented. The general concept and method can be applied to two vertical lines is given by:
other dielectric or electrooptic materials.

[U(i)=[Ai(i)][U(0)J +(B1(i)]U(m+l)],
The Method of Summary Representation [A1(i)]=[PJ[A(i)][P],

[B1(i)+=[P]fl(i)J[PJ,
The technique for solving Laplace's equation in finite difference 1) -1 k 0 30

form in a rectangular region known as the method of summary k = , . . (i.
representation allows the numerical values of the potentials along Ok (u "
any vertical line in the interior of any material to be immediately
written down in terms of simple matrix operations providing the P(±.k) -F 7 LikV/a+t)J
potentials on the boundaries are known. Most finite difference The P matrix or P transform operation is an nxn square matrix
techniques result in a large system of simultaneous equations which is defined in such a way that [PIPI=[l] and [.\(i)] and [#(i)]
which must be solved. The technique described here does not are d:agonal matrices.
require any solution of simultaneous equations which means that
the amount of calculation required to obtain numerical solutions to As previously stated, the solutions in (2) are for the Laplace's
a particular problem is greatly reduced. Furthermore, the equation in a region where there are zero field boundary
technique allows the computation of only selected points on a conditions on the horizontal lines. For the Poisson's equation with
prescribed topological grid so that complete solution at all the grid non-zero horizontal boundary conditions, there should be an
points is not required. Polozhii [1] discusses the basic theory of additional matrix term in (2).
this technique and shows how to apply it to a wide variety of
partial differential equations. Basically what Polozhii has done is Homogeneous Interface
to reduce the solution of the Poisson's (Laplace's) equation on a
prescribed rectangular grid with specified boundary conditions to We will analyze the case that there is one interface between two
a unique set of values which are determined in terms of unknown regions having the same permittivity. The method can be easily
matrices which depend upon the boundary conditions. This is
analogous to the classical separation of variables technique in extended to case where there is non-homogeneous interface. In

the homogeneous interface case, as shown in Figure 2, the vertical
which the solution is known immediately for a given problem in line is labeled as number i in region I and numter i' in region 2.
terms of a Fourier expansion of the boundary conditions. The The interface line is the number m+l line in region I and
finite difference grid employed in the technique is rectangular as number 0' line in region 2. Along the interface line, the
shown in Figure 1. The spacing between horizontal grid lines is continuity of the potential between the two regions is assured, but
AY and between vertical grid lines is AX. The location of a thee is an additional requirement, that is, the value along the grid
particular vertical line is given by the value of i and the location points on the interface must satisfy the Laplace's equation in the
of a particular horizontal line is given by the value of k. The i=0 'finite difference form, with the grid points along the two vertical
and i=imý=m+l lines are the vertical boundaries and the k=0 and lines immediately adjacent to the interface lines. Note that these
the k=km,.=n+l lines are the horizontal boundaries of the region. two lines are the number m line in region I and the number I'
The boundary conditions used here consist of known potentials line in region 2.
along these boundary lines. Polozhii describes boundary
conditions which contain partial derivatives of the values along the The formula of the 5-point finite difference approximation 121 for

the Laplace's equation can now be written down explicitly,
0 I m m-l assuming unequal grid spacings, as follow:

L I I I in Int l i

aI -

aiur 1 4 .. L... 1,01hirf ace IirisFi~,ittre I Z, !
, * i, , , •
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t 1h, . t/hz biiVo - V1/h 1(hb) - Vz/lzbzfhZh) M direction: Calculated from the interface of region I and
V /h(4.1% /I(bhz. (3) region 2 to another interface from 0 to i_.. )I.e vertical linenext to the interface [XI] is indicated by M=-, and the verticalwhere all variables are defined in Figure 3. For the case line next to the interface [Xz2 is indicated by M=m-im-l.i

considered here, the spacing h 2 and h4 are equal and is the same M' direction: in order to simplify the calculation, we have
as Y defined earlier. By choosing hi as AXI and hs as AX 2 , three chosen the point number in the M' direction the same as the
values of 'I can be defined as number in the M direction from 0 to i..

V4 k direction: calculated from the top horizontal boundary to
0 the bottom horizontal boundary from 0 to kr",

[Ai(m)]: the potential of the vertical line in region 2 next
hZ to the interface [XI] at M'=m.

[Bi(m)]: the potential of the vertical line in region 2 next
k, Y/0 kb to the interface [XI] at M=l.

V10 0 ,0 V• IAz(m)j: the potential of the vertical line in region 2 next
to the interface [Xz] at M=m.

[B2(l)]: The potential of the vertical line in region 3 next
to the interface [Xz] at M'-m.

o It is clear that [Ai(m)]=[Bs(I)] andv2
[Aj(I)]=[B1 (m)I,

"11 -AXi/AY; '"2 -AX 2 /AY; 13s =AX 1/AX 2. [Aj(m)]=[Bi(m)][Xi],
<2" 2 . [BI(I)]=[A1 (l)ILXI]+[Bt(I)][X2]=[BI(m)l[XI]+[BI(I)RX2],

('. -). [A2(m)I=[Ai(m)][Xi]+[BI(m)I[X 21=[BI( I )[XiI+[Bi(m)][X2].
I11`2 -B 2 0( I )]=[B1(m)[fX 2],

for -y1='2-=l, it can be seen that (4) reduces to the standard 5- [X1]=(a/(-13+a))[A (m)]+(Y3s('T+a))[BI())],
point stencil expression for the Laplace's equation. Now using the [X2]=('e3/("vs+ai))[A2(m)]+(ot/(,s+al))[B 2(l)],
[T] matrix defined by Polozhii, equation (4) can be put into a
matrix form relating [U(O')], [U(m)] and [U(I')]: where a.-e/e2, and al=4s/•A and t is the permittivity of air or

coated film. By choosing ',=l we have
"(r2 [U(s)] + r![U('))i(rtr2 r [Xa]..( I/(l+sl))[Bl)][Xx]+( i/( +a))[Bs(m)[XI.+(os/(lI+a))

[Bl(m)I[X2]=(I/(I+cl))[Bl(I)][Xl]+[BI(m)][X],

IrT 1 0 . . . [X2 ]=(I/(l+csi))([l]-[Bi(m)]) l[Bl(l)][Xl]f[BlIliXI],
I 0 1 . .(5) [Bll=(I/( l+c)){[1-[Bs(m)]/)[B l(l)],L 0 1 . . -[ 

I[X ] -= ( ]/( I + a))[ [Bj(m ) ][X -1(1B +o ))[B, (m )] [X 1 ]+( I/(1 + Q) )[B l

(I )][X2]=[Bi(m)][Xi]+( I!( I+a))[B 1(l )][X2]=[Bo(n[)IIX ]+( 1/( I +a))[B1(
([ll-[Bl(m)]-(I/( +cs))[Bl(1)][BI l1)[Xi1=0.

Note that the [T] matrix provides the coupling to all the elements
along the interface line. These equations have been programed and solved by using

IBM/VSPC system at the University of New Mexico. After [Xii
Nonhomogeneous interface and [X 21 were obtained, each value on the vertical line inside

PLZT wafer can be calculated by the method of summary
The dielectric discontinuity between region I and 2 requires representation. The methods presented above have been applied to
CI/ea- and the continuity of the normal component of the flux the following cases with more complicated interface structures:dinsity for faU/aX must be satisfied. Electrodes on one side of PLZT wafer with over coated PLZT

film: Electrodes on Both Wafer Surfaces with Non-homogeneous
The Boundary Values for Different Interface Interface (i.e. electrodes on both wafer surfaces without

We assume that when the boundary potential of a rectangular overcoated films, and electrodes on both wafer surfaces with
region is known, the interior potential distribution can be obtained overcoated films but the films are not PLZT); and Electrodes on
and that once the boundary values are fixed, the interior both PLZI Wafer Surfaces Over-Coated with PLZT Films. We
distribution will be the same despite of the materials inside the will not elaborate all the formalism here but instead present
boundary. We also assume that any film over-coated on the only the final results.
surface of PLZT wafer, whether the film is PLZT, glass, or any
other high permittivity materials, can change the boundary Results
potential completely, provideing that the film is thicker than the
thickness of electrodes. Because PLZT wafer is much thicker than In all the results, except otherwise specified, we have assumed that
the coated film, we will assume that the film can only change the PLZT has the R coefficient of 1.5xlO-16 m2/V 2 and the
interface potential but contribute very little to the optical wavelength of the light is 5000 X.
retardation. (I) Transmitted Light Intensity Distribution under crossed
One Layer Electrodes with Nonhomogeneous Interface polarizers,

Two cases will be considered: In this case, wafer thickness is 70 pm, electrode width is 50 pm,electrode gap is 50 Mrm, three interdigital electrodes are on both
(I). Electrodes on one side of the wafer, without over-coated surr'>ces of the wafer.
film, and
(2). Electrodes on one side of the wafer, with over-coated film "!
but the film is not PLZT.

We now define the symbols shown in Figure 2 in our calculations: (a) Applied voltage is smaller

I: the thickness of PLZT. than half wave voltage.
I': the distance from the interface to the zero potential of

the vertical boundary, where l'=-'Yl and 173=100. V =)32_ V 04 -s
[Xi] and [X2 1]: interfacial potential for the ([km..-I]-

element vector)
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) A i (e) Three electrodes on one side of thin film of 10 Am thick, not

(b) Applied voltage i e over-coated. The gap and width are 10 lAm.

r to half wave voltage. Three electrodes on thin film of 3 im thick.

V = 1 O s tW (4) Half Wave Volta.. as a Function of PLZT Thickness

- VA/.2 (a) g=w-50 pm, three electrodes on one surfaces.

200

(c) Applied voltage is larger

than half wave voltage. I71

SNO7 V0 40o 5W 600

,j (.#w•)

T ~(b) g-,5 pmo, w=10 pm, three electrodes on both surfaces.

V =zcoo Vol1ts
5o

(2) Half Wave Voltages

In this case, PLZT wafer is 625 pm thick, electrode width is 50 as so "V
pm and electrode gap is 50 p•m. Since 'max we chose is only 36 1 (urn.)
paints, the calculated half wave voltages my not be very accurate.

(a) Three electrodes are on one side of wafer.
(c) g=5 pmo, w-lO pm., three electrodes on one surface, over-

VA/ 2. 259c V°t• 5  coated with PLZT thin film.

(b) Three electrodes are on both sides of wafer. V.• (Volt)

V )/ =I3 V•Lt~s
(c) Three electrodes are on one side of wafer, over-coated with
PLZT film.

VA=/74/ VoW•
(d) Three electrodes are on both sides of wafer, over coated with
PLZT films.

,1s 50 i5" 90
I (..,,.)

(3) Half Wave Voltage in Thick and Thin Films

(5) Half Wave Voltage as a Function of Electrode Gap
(a) Three electrodes on one side of thin film of 75 pm thick.
over-coated with PLZT. The gap is 5 pm and the width is 10 pm. In this case w= 50 pmo, I = 625 pmo, three electrodes on both

V•A 53 ff /o' surfaces of wafer.

(b) Three electrodes on two sides of thin film of 75 fm thick. not

over-coated with PLZT. The gap is 5 p~m and the width is 10 ptm., 52- VolM ss (vot)
(c) Three electrodes on two sides of thin film of 75 pm thick. L

both sides over-coated with PLZT. The gap is 5 pm and the
width is 10 mgi. V/,= 375 Votts

(d) Three electrodes on thin film of 3 pm thick, not over-coated. IswO
The gap and m dth are 10 pm.r

I-I I I

\/ -, Io573 V&12 t. sufae ofwaer

widt is 10 Am.
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(6) Half Wave Voltage as a Function of Electrode Width v% (Vaot)

In this case, g-50 Am, I - 625 Am, three electrodes on both 5" -
surfaces of wafer. 40-

V, (Vo.t)

Ito-

500

1W I I I
0.41 O.w ,,s G ,,0

R W lo' -a/Va)

W (.A)
CONCLUSION

(7) Half Wave Voltage as a Function of wavelength There are many important and useful results from all the above

figures. Most of them are self-evident, for examples: The
In this case, g - w - 50 Am, I - 625 Mm, three electrodes on both intensity distribution in the gap is not uniform for different
surfaces of wafer, applied voltages; Half wave voltage decreases when there is over-

coated film; the half wave voltage does not decrease indefinitely
as the gap size decreases, instead, there is a turning point that it

VA (Vott) will actually increases; etc. Many results are consistent with our
experimental observation and some further results will be

iqo - •presented elsewhere.
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FIELD ENHANCEMENT AND REDUCTION AND ELIMINATION OF REMANENT LIGHT FLOW
IN ELECTROOPTIC BULK AND TIHIN FILM DISPLAYS AND SPATIAL LIGHT

MODULATORS:THEORY AND PRACTICE

A. Y. Wu

Center for High Technology Materials
University of New Mexico
Albuquerque, NM 87131

Remanent light flow is a very serious problem in electrooptic devices It can not only degrade the
contrast ratio but also shorten the lifetime of the devices. In fact, understanding and solving the
remanent light flow problen. in an electrooptic device may also help understanding and solving several
other problems such as fatique and aging problems in other devices. Efforts have been given to
examine the mechanism of the remanent ligit flow problem in ceramic bulk (such as PLZT) and thin
film (such as PLZT, BaTiO3 , LiNb0 3 , SBN, etc.) displays and spatial light modulators and effective
methods of reducing an'! eliminating remanent light flow by using buffer and capping layer on the
surface of the devices. Several very effective buffer and capping layers have been tested, they can
not only reduce or eliminate the remanent light flow but also can enhance the electrooptic effect by
10 to 30%. The physical origin of the remanent light flow, the method of eliminating it, the physical
origin of the electrooptic enhancement effect, and some experimental results will be presented.

Introduction

When an electrical field is applied to a pair of electrodes of an
electrooptic device, some unwanted space charge will be built up
as a function of time between the electrodes on the surface or
inside the electrooptic material. After !he applied field is
removed, the space charge can creat a residual birefringence. The
light intensity detected under crossed polarizers due to this
unwanted birefringence is called remanent light flow. The
remanent light flow is a very serious problem in electrooptic
devices, particularly in ferroelectric ceramic materials, because it
can not only degrade the contrast ratio but also shorten the
lifetime of the devices (see Figure I). In this paper, we will
report some observations on remanent light flow problem in bulk
and thin film PLZT displas or spatial light modulators. The
physical origiiP of the remanent light flow, the method of
elim'iating it, and the electrooptic enhancement effect will be
discussed.

Experimental and Discussion

Several causes of remanent light flow have been identified as
follow:

(1) Moisture, Dust, and Surface Containmination are observed to
be major causes of surface charges: For example, blowing wet air Figure 1(b). Remanent light flow in sputtered PLZT 28, 0., 100
otato surface of an electrooptic device under an applied electric film. Gap = 8 gm.

field can immediately creat serious remanent light f,ow. Some
PLZT 9/65/35 displays with surface planar "oterdigital electrodes
lose their performance quickly under the moisture tebt, e.g., the

Figure I(a). Non-uniform surface charge distribution in PLZT
9/65/35 bulk wafer. Gap = 50 urm. This type of space charge can /65/35 film. Gap = l0 igm.

be entirely eliminated using the coating method described in this
paper.
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constrast ratio may drop from 1000 down to less than 200 within a
few seconds and the remanent light flow can easily be seen Ly
eyes. The large applied electric field, commonly 1.5 kV/mm o.
larger, can ionize water droplet, dust and air particles, particularly
near electrodes. The ionized droplet or particles can then be
attracted to the ceramic surface by the force of the ;mage charge
inside the ceramic material and adhere on the surface. Unless the
surface is cleaned immediately and constantly, the attracted "
surface charge may stay on the surface for a long time. Other
containmination constantly observed is some residue on the surface
from sample procssing. For example, if there is a very thin layer SA

of ITO residue on the surface, space charge distribution on the
surface (caused by hopping conductivity under applied electric
field) can creat non-uniformity in the light intensity under
applied electric field and also very likely, remanent light flow (see
Figure 1(a)).

(11) Charge injection from electrodes into ceramic material: When
the surface is not clean and smooth or the material is porous
(particularly, solution-coated thin films), space chargz may be
injected into and accumulated inside the material near the
electrodes. The constrast ratio may deteriorate in only a few
hours of operation.

(111) Microcracks: Whew PLZT devices were operated under large Figure 2. (a) Severe microcracks in PLZT 8.5 65 35 wafer after
electric field (larger than 1.5 kV/mm), microcracks may appear on severe fatii.. e testing. Gap = 50 .pm Note that "blobs" grow out of
the surface, particularly, at the boundaries of ceramic grains (see edges of Cr tectrode may be chromium oxide. (b) Remanent
Figure 2). In severe situations, individual grains on the surface light flow a! iacked and highly-stressed regions.
were seen to "pop" out of the ceramic surface and left behind
holes of the grains, particularly, near the electrode positions. It is
believed that the cracks are due to stress corrosion from
electrostriction. These cracks and holes are the places of remanent
light flow.

Several very effective thin film coatings hase been tested. Here
(IV) Chemical Reactions: Edges of chromium electrode were seen we will discuss only five cases (Film thickness is optimized for
to deteriorate fast under normal applied electric field, particularly interdigital electrode gap of 45 um):
on the positive chromium electrode. It is believed that
electrochemical reaction may take place between PLZT and Cr (a) Si0 2 films of 800 to 1000 R• thick were used as buffer layer
with the assistance of moisture. One possible route is that Cr between interdigital electrodes and PLZT material. 3his layer was
becomes chromium oxide and lead oxide is reduced to lead near found to be useful for treating problem (I). (2) and (3). Silimar
the positive electrode. The surface of the "pop out' holes films were used as an otercoating liaer cosering the interdigital
mentioned before all became black in color and not transparent ele:tr)des and the PLZT material. This la.er "vas fnd to t'e
any more, indicating some reducing chemical process, particularly useui for treating problem (1) and (3). The films v,';e deposited
in the grain boundaries. When the sample was annealed in air at using rf magnetron sputtering at 2001C or a solution coating and
500 0C, the black coloration disappeared and PLZT restored back firing method at 450oC from "i precursor solution.
to transparency. (b) TiO2 films of 400 to 600 X thick were used as buffer or
(V) Impurity effect: Efforts have been made to dope PLZT overcoating layer. The performance is similarly to (a). The films
9/65/35 with about 2% of K 20 or 2% of Fe2d3 to intentionally were deposited using a solution coating and firing riethod at
increase the space charge problem in the ceramic material. 450-C from a precursor solutioi,.
Indeed, space charge problem and remanent light flow problem
became even worse than the undoped samples. By appling electric (c) Gold films of 100 X thick vktre used as overcoating laser.
field, one could see slow response of the migration of space This layer was found tobe useful for treating problem {I). The
charge inside PLZT material. This kind of space charge problem films were deposited using rf magnetion ýrutterin,l, at room
can not be cured by the coating method as will be described temperature.
below. But from this experiment it is clear that in order to
eliminate space charge problem in PLZT, it is necessary to (d) PLZT 9/65/35 films of 600 to 1000 .X thick %ere used as
eliminate some impurities such as K and Fe. oveicoating layer. The films %%ere deposited using a solution

coating and firing method at 650"(7 from a precursor solution.
(VI) Severe Stress and Strain: Fatique caused by applied voltage The result is not satisfactory.
larger than 1.5 kV/mm may cause permanent damage in PL2 I
bulk wafer. Even no microcrack is formed, remanent light flow (,) ZrO2 films of 600 to 800 .X thick were used as oxercoating
can still be seen and it is not possible to cure this problem by thin layer. The films were deposited using a solution coating and
film coating as will be described below, firing method at 450 0C from a precursor solution. The result is

not satisfactory.
Once the origin of the space charge is identified, it is possible to
cure the remanent light flow problem. Four methods have been As can be seen, SiO 2 film is an amorphous dielectric insulator,
used: (1) Draining the surface charge and homogenizing or TiO2 film is a semiconductor with a mixed rutile and amorphous
equalizing the surface potential, (2) Preventing the charge structure, the gold film is a metal, PIZT film is a ferroelectric
injection from happening, (3) Passivation, (4) Eliminating the insulator, and ZrO2 film is a dielectric insulator with a mixed
space charge on the surface and inside the material by reducing monoclinic and amorphous structure. The important quest~on now
impurities, pores, and other defects in the material, and (5) is why some films worked but sonre do not? A,"ter careful
Avoiding applied field larger than 1.5 kV/mm. We will now testings ot was found that the first three filn are weaklyv
describe the first three methods. But before any method is conducting but the others are not. As can be expected, these
practiced on any sample, one must be sure that the sample, weakly conducting films are capable of draining the unwanted
particularly the sample surface. must be very clean and very well surface charge and the oxide buffer lasers are thick and strong
polished right at the first beginning. enough to serve as a charge injection bartier to pre.ent the space

charge from build-up, pa-iicularlh, neir th interface of the
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positive electrode and PLZT. [The image of PLZT display coated
with TiO2 film is very "dynamic" as a function of time: At a "nnt' (0._.(A.) V--
fixed applied voltage above a minimum applied voltage, the +'
intensity distribution is not stable and uniform but migrating and
moving around, possibly due to different activation energies
required to trigger different semiconducting states in different
ceramic grains at different space-time. Also, field enhancement
effect occur only above the minimum applied voltage.] I 1.
From de,,ice passivation viewpoint, a dielectric buffer and
overcoating or capping layer is useful to prevent the moisture
from attacking the device. But more insight to the remanent light
flow is that coating can also provide extra support to prevent
microcracks (stress corrosion) from happening and, to reduce the
chemical reaction between electrodes and electrooptic material,
and most interestingly, to confine and enhance the electric field in
the electrooptic material so that half-wave voltage r':quired for
operating the device can be reduced. In fact, theoretical

calculation from summary representatiun method showed that tnsoated
when PLZT is coated with a dielectic layer, the half-wave . S.,* overcoat
voltage will be reduced [1,21, but if there is a weakly conducting
buffer layer between PLZT and electrodes, field line will be --- SiOz 8..dier
drawed in and bend more toward the inside of PLZT material and
thus greatly enhance the field in the material and the half-wave
voltage will be reduced. When the operating voltage of a device is
reduced, the stress and chemical corrosion and thus the remanent
light flow will also be reduced. Figure 3 shows that when a PLZT
device is overcoated with or has a buffer layer made of a weakly
conducting film, the half-wave voltage may be reduced by about 50 100 ISO 200
10 to 30%, depending on the electrical and optical properties and VOlt5
the thickness of the film materials. Similar to PLZT devices,
observations have been made on several thin films including
BaTiO 3 , LiNbO3, and SBN under high electric field, Remanent Figure 3(a). Half-wave voltage of PLZT 9/65/35 bulk wafer
light flow in these films is again a serious problem, particularly coated with various films.
under high operating field. But the problem can be treated in a
similar fashion because physics is similar in all cases. Further
results will be presented elsewhere.

Conclusions

Effective methods of reducing and eliminating remanent light
flow by using buffer and capping layer on the surface of
electrooptic devices are described and experimental results are
presented.
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3.
Abstract beam, thereby to pump the Ti Al 2 0 crystal to get

23

The paper reports the studies of the self second the infrared laser output we need. The green laser
harmonic generation crystal NYAB pumped by the beam energy can be adjusted by the limiting aperture

3. 3+infrared laser output of Ti :Al 20 3. The wavelengths about 2mJ - 'UmJ. The Ti ;Al203 crystal rod was grown
of the pumping laser are from 0.

7
306Mm to 0.8268#Am. by ourselves. Its size is f4.89mm25.l16mm. Ti 3 ion
3  

concentration is 0.3%. In the experimental setup, a
The size of NYAB crystal is 3x3x~am . We adopted type 200mm focal length lens Li was used to concentrate the
I phase matching self second harmonic generation light energy, therefore to obtain higher .nergy
(self SHG) and got .53binm output with NYAB crystal density. The crystal rod and two mirrors of the
uncoated and not even being put into resonators resonators were placed near the focal plane, but not
either. The spot of the green light is Imm diameter in It to avoid damage. The resonators were the
and the diffuse angle is 1.5mrad. In experiment, the flat-fiat design and easy for adjustment. Mirror Mt
threshold of the self SHG of NYAB crystal was measured fat-fla di and as for a jument Mirrr yalso.was highly transmitting at 0.532pm and highly

reflecting near 0. 7 5
pm. Mirror M2 was highly

reflecting at 0.532pm and Its transmission rate atKeywords: self second harmonic generation, 0.75pm was 27%. FI,F2,F3 are filters absorbing
neodymium yttrium aluminum borate crystal 1.06 4Mm, 0.532pm and infrared light respectively. In

this way, the output of Ti
3

: Al 0 crystal from23
Introduction 0.7306pm to 0.8268pm was obtained with a duration of

NYAB crystal (Nd Y Al (B0) ) is a new 15ns. The maximum pulse energy was 610pJ. We can see
, 1-x 3 3 4(1

multifunctional crystal developed at the end of the the red light with a spot of 1.5mm diameter
1980's. It belongs to space group R32. NYAB crystal is (2)The choice of the NYAB crystal
the laser crystal and also the nonlinear optical
crystal. It is promising in the development of NYAB belongs to the negative uniaxial crystal. Its
miniature green light laser devices pumped by laser refractive indices at 1.064pm and 0.532gm[21 are

diodes, which can be used in optical disc technique, 2w 2w

optical fiber communication, underwater detective and n w=1.7553, n w= 6869, n =1.7808, n =1.7050
display, and other high technology. It has absorbed A e f [31 e

much attention of the researchers. For the reason of According to the following formula:

the high cost of high power laser diode at 0.804pm, 2 2w -2 1/2
I. 1 n w -_(nW )-

wide bandwidth infrared laser output of :Al 0 was

used to pump NYAB crystal in experiment. We have got [ n
2

w )-2_( n
2

W )-2

the self SHG green light output, and further have done e 0

some research in the use of NYAB crystal, we can obtain the type I phase matching angle easily,
which is

0 1 - 34°34,
Experiment M

And from formulae (2)--(4)
(1) The output of the Ti Al 203 laser 2w 11 1n

S(2)
The schematic of the experimental setup Is shown in e M 2 1 0  (
Fig. 1.

A commercial Q-switched YAG laser (Model -1/2

Quantel YG-58) of 1.064pm radiation was the original n2w1ii) sin M
source. KTP crystal was used to get SHG green laser n (0 + (

e ( 2w )2 2w )2
o e

SNd: YAG )I, • U

ll

S KTP Ft Li Mi Ti •A1 0 M2 F2 L2 NYAB F3 D
23

Fig 1. The Schematic of the Experimental Setup
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-1/2

fCose' sin
nW(6hl . 2 + o 2 (4)

S( no0w )z ( n aw ) I

a simple program needs to be developed to calculate
the type II self SHG phase matching angle. The result
Is I 11=50*33.

a

'e know, the azimuthal angle 0 is selectc to rake
d maximum. NYAB crystal belongs to group R32, solff

its effective nonlinear coefficients are as

follows:

d I=d cos 1 cos3o (5)
oeff 1 a

d 
11
=d coss2 o

1
isln3O (6)

off 11 M

Thereby, I =0, 01I=30°. In these directions, the

effective nonlinear coefficient expressions are

d 'Ce' .& )=0.823d (7)
eff a a II

d a II(o ")=o.404d (8)e f , M m it

We get the conclusion that, the self SHG of NYAB
crystal of the type I phase matching is more
effective.

In our experiment, the NYAB crystal was cut with

type I phase matching angles. Its size was 3x3x4mm
3

. it
was uncoated and not put into resonators either in
order to simplify the experiment.

Experimental Results

A.We got 0.532pm green laser output. Its energy
was in WJ order. The light spot was Imm diameter,
and the diffuse angle was 1.5mrad.

B.The self SHG threshold of NYAB crystal pumped by
the wide bandwidth infrared laser was about 180pJ.

C.We found the best phase matching angle was
81=33°30', which was 1 deviation from the theoretical

a
calculation. Comparing the experimental results with
calculation, we think, in spite of the deviation in
cutting, the main reason is that there are deviations
of the Nd ion concentrations of NYAB crystal. Thus, it
influenced the crystal indices. There is a slight
difference of phase matching angle between the
theoretical calculation and the experimental
measurement.

D. In experiment, we found the optic principal
axial direction of NYAB crystal can be judged by
inserting two orthogonal polarizers or observing the
polarization of the 0.532Mm output. And the
polarization of the pumping source had no Influence on
the output of O. 532pm self SHG light.

In summary, NYAB crystal Is a good self SHG laser
crystal. It is promising to have a wide use in the
future.
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ABSTRACT weight fraction of PT powders in the composites
was less than 0.1% to maintain good

Ultrafine PT powders are dispersed in different transparency.

liqiuds to form uniform suspensions of

ferro-fluids. Nonlinear optical properties such (2) Raman spectroscopy
as second harmonic generation (SHG) and
degenerate four wave mixing (DFWM), and Raman U-1000 Raman spectroscopy equipment was
spectra were investigated. Changes of optical used with a SP-3000 Ar÷ laser. The laser light
properties when applying a bias electric field was horizontally polarized and focused to a
to the samples are shown. Structure and beam 2-5 microns in diameter to generate
property relationships of fine composites are microscopic Raman spectra. Figs.1 and 2 show
discussed. the Raman spectra of spherical and ellipsoidal

PT powders of different sizes, and Fig.3 was
INTRODUCTION obtained from needle-like PT powders. Most of

the main Raman peaks of single domain PT also
The nonlinear optics of isotropic and appear in spherical and ellipsoidal PT powders,
anisotropic artficial dielectrics such as 0-3 but only three of the main peaks E(1TO) mode at
fine composites has recently been the focus of 80.997cm"I, second- order Raman line at 150cm"I
intense study at visible, infrared, microwave, and A,(3TO) mode at 624cm" were observed in
and millimeter wavelengths. 12 ,31 A number ofT needle-like PT powders.
these composites exhibit nonlinear optical As the sizes of spherical or ellipsoidal
behavior and have been utilized for four-wave PT particle become smaller, the peak intensity
mixing and the important application of phase of the E(3TO+2LO)+B, mode at 288cm" and A.(3LO)
conjugate image reconstruction. 4  mode at 723cm becomes stronger.

Many shaped-microparticle suspensions such
as polystyrene latex microsphere suspensions in Ulu Count

aqueous solutions have show an
optical-field-induced density modulation of
microsphere concentration. 5 Vanadium pentoxide
microparticles in a carbon disulfide host
medium has show a third-order nonlinear optical .O
susceptibility X( =5*10"6 esu of the
particulates. Shaped PTFE microparticles in an 'W
aqueous suspension has also caused polarization a.m2
modulation of probe- laser light.7 7 a

In this paper, lead titanate (PT) powders in 3 g
ellipsoidal and needle-like morphorlogies 1 . I

derived from Sol-Gel process and hydrothermal
synthesis are suspended in organic solvents.
The microstructure of the powders was analysed
by Raman spectra. Phase conjugation via DFWM USM 50 on 1•06(r-1)

was examined in PT powder suspensions. (3-1Km)

EXPERIMENTAL METHOD AND RESULTS

(1) Sample preparation

The spherical and ellipsoidal PT powders 5.0j

were derived from the Sol-Gel process. The size
distribution of PT powders can be controlled by
changing the reaction conditions of the Sol-Gel 4."
process and the successive treatments such as
the firing temperature, ultrasonic treatment, '
etc. Spherical and ellipsoidal PT powders in .6

size ranges 80-160nm and 200-300nm have been
used in this experiment. The needle-like PT :s.w
powders were mainly about 0.5um*0.5um*10um.

PT powders can form stable suspensions in
some polar solvents and viscous liquids, but _._ _

less stable nonpolar solvents such as CCl 4. In m.u (r-i)
general the smaller the PT powders are , then R
the more stable the suspensions formed. The

CH3080-0-7803-0465-9/923.S) ©IEEE 609



(3) SHG and DFWM measurement
.llw

SHG measurement was carried out with the
ia. different PT powders. All PT powders derived

from the Sol-Gel process and hydrothermal
synthesis in perovskite structure generate
obvious SHG signals, with a transverse
efficiency measured by powder SHG ranging
between 10 -10 . SHG signals can also be
observed when the PT powders were dispersed in

oCM many liquids at high powder densities, which
depended on the pulse laser power.

The third order nonlinear optical signals of
O3 PT powder suspensions were measured by DFWM1 0

DFWM was performed under different conditions,
one was at X=l.06um with 100 mJ pulse energy

M0 0m M _ 0MO 720N.(0-0) and 10 ns pulse, the other was at X=0.53um with

" aý s f 50 mJ pulse energy and 15 ns pulses, i.e. the
peak power intensities were i0MW and 3.3MW
respectively.

DFWM was used to measure the
In order to see the effect of polarizition third-order nonlinear optical susceptibility

on the needle-like PT powders, an AC electric X 3) of the suspensions. X(3) can be calculated
field was applied to the sample in a direction by detecting the light density of the
parallel to the light polarization. The conjugate wave. PT powders/Cl 4 suspensions
electric field was about 216 V/cm with 100Hz were used, in which the size of the
sine wave. Figs.4 and 5 show the behavior of suspension cell was about 5mm*10mm*30mm, and
needle-like PT powders suspended in CCI 4 with the laser light was transmitted through 5mm
the AC field on and off respectiely. Raman sides. The third-order nonlinear optical
peaks of PT powder can be slight distinguished susceptibility X(3) for small PT powders
with AC field on. (<160nm) in suspension was about 3.6*,0 11esu

and 2.1*10 11esu for larger powders (200-400nm),
4 while for the pure liqiuds' X(3) measured by

this system was about 0.87*10 12. All of the

Ca=]a0•1o : above were measured using the double frequency
(0.53um) laser, and these results will be shown

1600 ito be approximately at least 1.5 times larger
than that of the suspensions when thc higher
power intensity laser at X=1.06um was used.

120 Needle-like PT powders/CCl 4 suspensions were
S also measured using the double frequency laser.

DC and AC electric fields were applied to
Canl the sample perpendicular to the direction

of the incident light. Fig.6 shows a diagram of
Ci the experimental scheme. The results were as

. •follow:

+

.2 m.w O.N .0 900.00 (cm-1)

S

F%. 4 "n pt m o TCM & rinWt

SAC field (50Hz) 0 240 360 420 (Vcm)
(*i011 esu) 1.05 0.83 0.77 0.76

35 When the AC electric field was applied, the
rise time for the conjugate wave to reach
stability at 240V, 360V, 420V are all about
0.8 seconds while the decay time of this signal
was about 4 seconds when the AC electric fields

iU0, 0W 1.N 7i.00 •N(m•) were turn off. These phenomena can be repeated
Fig.5 Rumu Secrm of r12M4 suspaw very well if the AC electric field has been

applied for a short time. With DC electric

0( )



field similar observations have been made, cylindrically symmetrical systems. Irn the
but can not be repeated very well because the small-field limit of the light field, where
needlelike PT powders sink quickly after saturation effects can be ignored, both
several circles of DC field applicatons. These electrostatatic forces and electrostatic
results agree very well with the previous torques can orient the poled PT powders along
observations by R.B.Findlay in needlelike PT preferEd directions, So that both translational
powder alignment research. gratings and orientational gratings are

With the smaller ellipsoidal PT powders created. The orientational gratings are
suspended in CC1 4, only a small vibration in superimposed directly upon the translational
the conjugate wave intensity was observed ones and thereby share their direction and
between the DC electric fields being on and spacing. Coherent scattering of pump radiation
off. The former values were slightly larger from these two orientational gratings gives
than the latter with faster response than was rise to the formation of a conjugate wave just
found in the needlelike PT suspensions. as for liqiud suspensions of microspheres.
DC field (50Hz) 0 240 360 420 In the DFWM system a liquid suspension of
(V/cm) shaped powders--especially ellipsoidal and
X 3) (*10" esu) 2.11 2.03 2.05 1.98 needle-like here- -was irradiated by three

In this experiment, the pump beam and the probe external laser beams of frequency w: two
beam were used in vertical polarization, conterpropagating pump waves and a probe wave.
i.e. perpendicular to the external electric If E(f,t) denotes the total radiation field,
field. the microparticles will each acquire a dipole

moment P (ý,t), vibrating at w. The field
DISCUSSIONS induced dipole can be decomposed into two

pieces, arising from the isotropic and the
According to the Raman spectra of PT powders anisotropic components of the polarizability

there were some differences between the tensor: 9

different shapes and sizes of PT powders. Most Pw(f,t)=a6 (w)E(f,t)+I/3BK.E(?,t)
of the main Raman peaks of single domain PT where K is the orientation matrix,
also appear in spherical and ellipsoidal PT a=(ay+2av)/3, B=a -a., a ,a are the body-fixed
powders, but only three of the main peaks polarizability componenA parallel to the axis
E(lTO) mode at 80.997cm", second-order Raman and perpendicular to this axis. In general ap>a
line8 at 150cm" and AI(3TO) mode at 624cm"1 were and the main term will always the isotropic
observed in needle-like PT powders. term because it has nothing to do with the

As the sizes of spherical or ellipsoidal PT distribution angle, so the differences in some
particles become smaller, the peak intensity of properties between parallel and perpendicular
the E(3TO+2LO)+B1 mode at 288cm> and A,(3LO) orientations will perhaps not be as big as
mode at 723cm1 becomes stronger, i.e. the eypected. The changes in X(3) shown in
vibration mode a.. long wavenumbers are more needle-like PT powder suspensions under the

active in smaller powders, it can be suggested external electric field were obvious, but
that more vibrations can be stimulated in the smaller differences were seen for smaller
PT powders at smaller powder sizes. The ratio spherical or ellipsoidal PT powders under the
of the atoms in the surface to the atoms in the same conditions.
bulk becomes higher as the powder sizes become Therefore needle-like PT powders are better
smaller, so the surface energy states will for the control of alignment in some liquids
become more important for many properties. As and the smaller spherical or ellipsoidal PT
shown in DFWM measurements, the conjugate powders behave better in second order and third
signal or X(3) becomes larger as the powder order nonlinear optical processes.
sizes decrease, which may be because there
were more vibration modes taking part in the CONCLUSIONS:
nonlinear optical interactions. In any case,
it is seen that the SHG transverse efficiency Shaped PT powders derived from Sol-Gel
was also related to the PT powder sizes as process and hydrothermal synthesis have shown
controlled by different firing temperatures. that the vibration modes are different between

different shapes and sizes. More vibraton modes
The main crystallographic structure of the in long wavenuber region are damped in

nanometer PT powders was still a tetragonal needle-like PT powders with larger sizes. For
phase with 4mm point group symmetry. According spherical or ellipsoidal PT powders the Peak
to the Raman spectra a lot of undefine peaks intensities of E(3TO+2LO)+B1 mode at 288cm and
that were different from those of single domain A1(3LO) mode at 723cm become stronger with the
PT appear, which may be caused by the sizes decrease.
noncrystalline phase near the surface layer of The spontaneous polarized PT powders and PT
the powder. powders suspensions posses second order and

In Figs.4 and 5, the Raman peak intensity of third order nonlinearities. Needle-like PT
some vibration modes of the liquid host (CC1 4) powders are better for the control of alignment
and the PT powders can be modulated by applying in some liquids and the smaller powders
external AC electric fields. This may be spherical or sllipsoidal PT powders behave
because the powders were aligned by the better in second order and third order
electric field and direction of the c- axis of nonlinear optical processes.
the powder was changed by the incident light. In addition, it is also suggested that the

PT powders can be dealt with as anisotropic larger spherical or ellipsoidal PT powders be
particulates because of the large spontaneous aggregated by small powders. Microstrutures and
polarization. We can also dealt with the properties of deaggregated PT powders are
ellipsoidal and needle-like powders as investigating.
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AUTOMATIC ELLIPSOMETRY MEASUREMENT FOR

ANISOTROP1C MATERIALS
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Abstract of computers, the method been widely used in such

domains as the manufacture of semiconductive com-

A new variable medium and variable angle ponents, the control of thin optical film growth and
ellipsometry(VMAE) system which is able to make surface optical properties improvement of
measurement on anisotropic materials is described in materialsil , and so on. For optical isotropic materi-

this paper. A rotating analyzer ellipsometer is used to als, many measuring systems have been developed
combine with several working mode such as changing such as RAE'21 (Rotating Analyzer Ellipsometer),
medium, changing incident angle of laser beam, RPE' 31 ( Rotating Polarizer Ellipsometer), VASE
changing azimuth of sample etc. Using these 141 ( Variable Angle Spectroscopic Ellipsometer) etc.
methods, it is able to get enough equations for the For optical anisotropic materials, the preliminary

measurement of anisotropic bulk materials and thin studying15-61 using ellipsometry has been discussed,
films. The surmount equation group for the calcula- but no comprehensive measuring system has been re-
tion of the optical constants of anisotropic materials ported up to now. In our work, a new Variable Me-
is able to be solved by a PC type computer combining dium and Variable Angle Ellipsometer( VMAE)
Powell, Rosenbrock, Palmer direct optimization combining RAE with many other methods such as
methods. Software structure is introduced in detail. changing medium, changing angle of incidence and
Experimental results are compared with theoretical changing azimuth of sample is developed. The system

values to test the reliability of the system. is controlled by computer. A package of integrated
window software is developed. This system has be

Introduction used in studying the optical properties of anisotropic
materials. Some results are presented.

With the fast development of optoelectronic ma- Fig.] shows the VMAE measuring system.
terials, it is imperative to find an approach to meas- Based on the RAE system, many other parts are ad-
ure the optical parameters of materials, which is ded such as a adjustable quadruple dimensional sam-
undestructive, automatic, rapid and accurate. The re- pie stage, DC servomoter with tachogenerator which

flection ellipsometry is a rapid and simple way to de- rotating the sample stage, high-accuracy servo sys-
termine the optical parameters and the geometric tem to drive the motor and A / D , D / A interface
thickness of materials by analyzing the change of circuit to control the servo system. In the amplifier
pojarization between the incident light and the re- circuit, multi-function filter as well as high stability
fleciý_d 1ight from the sample surface. There are main- low noise power are added.
ly two types of working modes, null ellipsometry and Sample is placed on sample stage in proper
photometric ellipsometry. Compared with the tradi- height and kept horizontal constantly during rotating
tional optical measuring methods, the ellipsometry process. He-Ne laser with 632.8 nm wavelength is
measurement is simple and automatic, undestructive turned into linear polarized light through polarizer
and is able todetermine multiple optical parameters and became elliptic polarized light after reflecting
simultaneously. However, itspractical application has from the sample surface. By rotating analyzer to pro-
been limited because of its complicated theoretical cess photometric Furrier analysis on elliptic polarized

calculation. By the end of 70's, with the development light, the ellipsometric parameters ( 4', A ) can be

C1 13080-0-7803-0465-9/92$3.(X) C0IEEE 613



obtained. For isotropic materials, the required opti- where Ii is the relative intensity of the beam at mi

cal parameters can be determined by solving the The ellipsometric parameters are given by:

ellipsometric equation directly 171 . As for anisotropic (K0 + K)
materials, since the number of the unknown =-arctg(---- ) / ctgP+"
parameters increased, it is required to get enough in- (K K

2 2 2dependent equations by measuring in different me- K 0- K - K2
dium, incident angle and azimuth of sample etc. so as arctg 2 (3)

to set up the surmount equation group. The equation KZ

group can be solved by a PC type computer com- where p is polarizing angle.

bining direct optimization methods to determine the The ellipsometry equation is:

optical parameters of materials. tgkbei - P (4)R

Theory where Rp (R. ) are the complex Fresnel reflection

coefficients of p light and s light respectively. The

For a RAE system, the relative intensity of the light is called p light when it's electrical vector E is

beam passed through the analyzer is: paralle to the incident plane, and called s light when

I = Ka + K cos2a + K 2 sin2a (1) perpendicular to.
For anisotropic materials the 4 * 4 ranks matrixwhere • is the analyzing angle, K0  K1  K2 are mehdiusWicisfrladby ila,

Furrier coefficients. If n points are measured at the method is used, Which is formulated by Billard,
Teitler, H-envis and Berreman 1 1. After a series of

same interval of angle while a is between 0 degree and cmited dedcion 191Bre an equAtio anse ob180 degree, then: complicated deduction |1, an equation canbe ob-
tained, which only comprises the incident field and

1 I. reflective field, that is:

- Ics~.E ~ R R, E is
n .,=(5)

K 2 iisin2ai ERs Rsp RsP E1P
n._ 1

a i (2) Refers to equation (4), it can be obtained:
n

LAASER 
I/ [P•"NGLE DETECTO

I ~QUADRUPLEI

Figure 1 The VMAE measuring system block diagram
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-'4 RP E I R PE1I RRsE s
tgoie - = - - = . . . I1. altering the incident angle of light,Rs Eas RSPEI RssEIs (changing Vi0).

R + R E is Il1. changing the wavelength of light,
___ Ps E IP (changing .0).E Es (6) IV. adjusting the azimuth angle of sample.a..

RSP Rss E 1P Using the above methods, a group of (0,, A.) are
when polarizing angle is 45 degree, E / E1p 1, then obtained to form surmount equation group. The re-

- tA R_ P + R s quired optical parameters are determined by using di-
tge -s(7) rect optimization methods to solve the equation

SP + Ss group110 l

The right side of equation (7) is a complicated
implicit function comprising the required optical Integrated window software

parameters. For several anisotropic materials (as
shown in Fig.2), such as bulk and film materials In computer calculation, the following environ-
whose optical axis is parallel or perpendicular to the ment need to be set upin software:
sample surface. (i) attribute of the materials (isotropic or

anisotropic);
(2) orientation of the optical axis (parallel, per-

pendicular to sample surface or arbitraray
oriented );

(3) the form of materials(bulk or film materials);

(a) Wb) (c) (d) (4) the property of the film layer (absorbent or
unabsorbent);

(5) the property of the substrate (isotropic or
Fig.2 several primary anisotropic materials anisotropic);

(6) the option of optimization methods (Powell,
In consideration of the most complicated case, Palmer or Rosenbrock);

equation (7) can be expressed as follows: (7) the option of measurement methods
- i(multi-medium, multi-angle etc.);

tgoe =F(NJ0 ,NON120,N2 ,N 02',A,D,a) (8) (8) the origin of the data(from the computer or

where: input by keyboard);

N10 , NiE are the complex refractive index And it should be finished to set up system con-

of the film layer; stants, start value of variable, printer etc.. As to such
a complicated software architecture, the structuralof the substrate; design method is adopted. The whole system is sepa-

oois rfrcthve s re; orated into several functional modules, every module
medium; fits for its own function, then they are integrated into

a multi-window environment by means of standardA is the wavelength of light; data structure. Several primary modules are as fol-

D is the thickness of film; lowing:

a is the angle between the optical axis of (1) system initializing module
uniaxial materials and the incident plane;

In Equ.8, No , (, A, a are all known (2) multi-window menu module
parameters, the others are to be determined. In order (3) function executing module
to solve the equation, enough independentequations
are needed, which can be obtained as the following (4) testing and controlling module
approach: (5) data collecting module

I. replacing the surroundings medium,
(changing NO). (6) parameters calculating module
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merical values of optical parameters of
Experimental results anisotropic materials has been set up.

(4) The measurement precision of the system hasUsing the system, the optical properties of sever- been investigatedExperimental results are in

al kinds of samples are measured. The results are good agreement with previous values.

shown in following tables:

Ackn~owledgment: The research work was supported
Table 1 LiNbO3(Y cut) anisotropic optical constants by Chinese ar ci Fo unda tin

(bulkmaterals)by Chinese National Natural Science Foundation.
(bulk materials)

Timesj N. N, Theory Val-, References:

"i1 2.30+0.30i 2.24+0.26i ue
2 2.28+0135i 2.23+0.40i 1] You Boqiang, Zhou Jianhua, Li Yang, Zhang

S2.30+O27i -2 2.29 Liangying and Yao Xi, The research report of
- .~2

2 S-3+0.2 5i N =2.21 surface optical properties improvement of
S2.29+o_3-2i-- 2+ .2i40I 1... . .. ... LiNbO3 ion-implanted China (1991)

5-~ 2.2 21 __________S..... 2'28•+0"40i 2"24+0"33i_ _ _ [ 21 D.E.Aspnes and A.A.Studna, Appl. Opt. 14,
220-228(1975)

Table 2 the results of PLZT sample(8 / 65 / 35) [ 31 G.E.Jellison, Jr. and F.A.Modine, Appl. Opt. 7,

times n k heory Val- 959(1990)

S2.45 0.44 -- -ue .. [ 41 G.H.Bu-Abbud, N.N.Bashara, and
- - . 2.46 040 J.A.Woolam, Thin Solid Film 137, 27-41(1986)

3 2.46 - 0.42 -- n-2.50 f 5] Optics Communications, Vol.58, No.5,
- 24303(1986)

4-426] Shen Wenjang, the Journal of instrument and
meter, Vol. 6, No.1, (1985) (in chinese)

Table 3 the results of different MOCVD TiO 2film [ 7] Li Tonghe, the theme of master's degree, Xian
samples Jiaotong Univ.(1989) (in Chinese)

Sample n k VD(nm) [ 8] R.M.A.Azzam, N.M.Bashara, Ellipsometry and
3 / 550t 1.885 0.400 8 9 .6 0 Polarized Light, North-Holland Publishing

35 / 55012 1.898 0.399 100.2 I Company, 1977.
41 [ 9] Application of Generalized Ellipsometry to

40 /5501C 1.909 0.367 108,7 Anisotropic Crystals, J. Opt. D. Soc. Amer.
45/5501C 1.915 0.359 113.5 N.64,p128(1974)

[10] Li Yang, theme of master's degree, Xian
As shown in the above tables, experimental re- Jiaotong Univ.(1992), (in chinese)

suits are in goodagreement with previous values
measured by other method.

Conclusions

(1) Based on RAE system, a new VMAE system has
been built. The system is controlled by a comput-
er and can be used to measure the optical
parameters of isotropic as well as anisotropic ma-
terials.

(2) A integrated window software based on the ad-
vanced structural design has been set up. It is
multi-functional, friendly to user and easy to ex-
tend.

(3) On the basis of direct optimization, a set of calcu-
lation module software for determination of nu-
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OPTICAL PROPERTIES OF LiNbO3 WITH ION IMPLANTATION

AND TITANIUM THERMAL DIFFUSION

YOU Boqiang, ZHANG Liangying and YAO Xi
Electronic Materials Research Laboratory

Xi'an Jiaotong University, Xi'an, 710049, China

in-diffusion and Ti ion implantation process

ABSTRAC have been receieved the greater attention

owing to their advantages. Some devices have

Optical properties of LiNbO3 single been made by the diffusion method for its

crystal with ion implantation and titanium simplicity, easy and cheap in making; and

thermal diffusion are studied. The focus of others are made by the latter method for

this paper is to compare the separate and taking advantages of ion implantation such as

combined effect of the two processes. the control over implanted ions is easy, is

Titanium film on LiNbO3 was prepared by not confined by atomic solubility, scaly

conventional sputtering technique and CVD diffuse in cross section1' 23 .

method. Thermal diffusion was achieved by In this paper we will discuss the

annealing in atmosphere under various combination effect of Ti thermal diffusion

temperatures. The optical property of Ar and Ar ion implantation techniques. The

implanted sample is close to isotropic. For a optical properties of separate and combined

Ti film in thickness of 20nm, 5 hours are effect of the two processes will be shown.

needed to diffuse in completely. The optical

property of Ti diffused sample is still EXPERIMENTAL METHOD

birefringence with No increased by 10-12% and

Ne by 8-10%. Negative birefringence and small X,Y and Z cut optical-grade LiNbO3 single

light loss can be achieved on the samples crystal wafers were cleaned with HF acid,

treated by Ti thermal diffusion combined with sputtered with Ar ion and then washed with

successive Ar implantation, which is very HF:3HN0 3 . Titanium film on the samples were

useful for waveguide applications, achieved by using conventional sputtering
technique (Uaceeratet=l. lKeV; ItLboard= 0 . 25A;

INTRODUCTION Ik.bo0rd=0-1A; IL-grid
4 0

mA; IR-grid= 4 O0mA;

sputtering for 5, 10, 15, 18, 25, 35min. at

With the development of ion implantation Ar atmosphere) and CVD method respectively.

and thermal diffusion technology, more and Then the samples were implanted with Ar ion

more optical devices such as optical at 650keV energy and 2*1016/cm2 dose at room

waveguide, directional couplers, switches, temperature. The samples were annealed under

modulators and isolator etc. have been a dry oxygen atmosphere at 9000 C, 10000 C, and

successfully prepared by surface modification 10500 C for 0.25, 0.5, 1, 2, 3 and 5 hours

of lithium niobate. respectively.

Several different techniques, e.g. Li20 The optical properties of the samples

out-diffusion, ion exchange, can be used to were measured by anisotropic ellipsometry

prepare optical devices. Among them the Ti using which is developed by EMRL of Xi'an

CH3090-0-7903-0465-9/92$3.(0 ©IEEE 617



Jiaotong University of China6 . The thickness of Ti film on the LiNbO3 sample

changes with the sputtering time as shown in

RESULTS AND DISCUSSION figure 1. The sputtering rate also depend

accelerate voltage and working current. The

Relationship of titanium film thickness and curve is linea before 10min., then with the

s2outtering time sputtering time increases, becomes

quadratic.

Thermal diffusion effect

As show in table 1 and table 2, when

temperature is lower then the Curie point of

nm the crystal, the higher the temperature, the

100 easier the thermal diffusion takes place. For

a Ti film thickness of 20nm, at least 5 hours

are needed to diffuse in completely. Effect

of thermal diffusion is also affected by the

50 heating rate. In our experiment, from

fastest heating rate at 12 0C/min to slowest

80C/min effect of thermal diffusion could be

changed by 10%.

m in The ordinary and extra-ordinary
5 10 15 2 2refractive indexes No and N. can be increased

Figure 1 Thickness of Ti film on by 10% and 12% for sputtered sample or 8% and
LiNbO3 Sample with sputtering tine 10% for CVD. The difference of optical

Table I Comparison of differemt diffLsion times at 10001 (thickness=20nm)

Time Ti film from Sputter method Ti film from CVD method

1 hr Ti film still on the sample sample is dark

2 hr stage of Ti film is visible sample become yellowish

3 hr sample color has some difference sample color has some difference

4 hr optical sample optical sample

Table 2 comparison of differemt diffusion effect at 9001C and 1000C

Time 900 c 1000c

2 hr Ti film still on the sample stage of Ti film is visible

3 hr stage of Ti film is visible sample color has sorme difference

6 hr sample color has some difference optical sample

8 hr optical sample optical sample
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Figure 2 Comparison of Optical Property Figure 3 Comparison of Optical Propertý

of the Samples of Ne Implanted and Ti Diffused Samples.

reLfactive indexes between them are due to Thl similar results can also be obtained

the difference of the Ti film on the samples. for Y-cut and Z-cut samples. The change of

The results of refrac~tive indexes No and Ne , refractive indexes of Y-cut samples is more

thickness D and light loss K change with the significant after Ne implantation, induced

sputtering time as shown in figure 2. With optical anisotropy also occurs ( No=2.448 <

the sputtering time increases, the sputtered N,=2.536, optical thickness D=122.4nm, light

film on the sample becomes smooth and loss K=0.36 ).

uniform, then the refractive index N. can be

increases by 6.9% to 8.9%; Ne decreased form CONCLUSION

21% to 18%; the effective light thickness

increases and light loss decreases. (1) The Ti film on LiNb0 3 the sample can be

prepare by sputtering method or CVD method.

Qptical Property of Ne ion implantated and Ti The thickness of sputtering film on the LiNbO3

diffused samples increases linearly at first then becimes

quadratic.

The comparison of optical property of Neion implnatison an optical df on y comined (2) Below the Curie temperature, the higherion implantation and Ti diffusion combinedth di f s o te p r u e, he a t r t ethe diffusion temperature, the faster the

with Ne ion implantation is shown in thermal diffusion takes place.

figure 3. Surface amorphous damage can be
induced by the Ne ion implantation. The
samples become almost isotrmpiant on. the (3) At least 5 hours are needed to diffuse insamples become almost isotropic (N . = N .) , the 2 n i f l n t e L ~ 0 o p e e y2Onm Ti film on the LiNbO3 completely.

extra ordinary refractive index changes more
fast than ordinary refractive index. Then

(4) The refractive index of LiNbO3 with Ti

samples N, greater than N. can be obtained by diffused-in can be changed from 10%(12%) to

combined Ne ion implantation with Ti
diffuion.8%(10%) for N0 (N,).

diffusion.
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(5) The thicker the Ti film on the sample,

the less the light loss is.

(6) Isotropic refractive index can be

obtained for Ne implanted LiNbO3 sample.

(7) Combined Ti thermal diffusion with Ne ion

implantation can change the anisotropic of

LiNbO3 (N, < NJ), and achieve low light loss.
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OPTICAL PROPERTIES OF PbTiO 3/EPOXY 0-3 FINE COMPOSITES

Q.F.ZHOU, Y.HAN, L.Y.ZHANG and X.YAO
Electronic Materials Research Laboratory

Xian Jiaotong University, Xian, 710049, China

Abstract:Ultrafine PbTiO 3 (PT) powder has been titanium butoxide as the raw materials. The powders
made using the Sol-Gel process. PT/Epoxy 0-3 obtained are in soft aggregation, the size of
composites have been successfully prepared by agglomerates being about 200 to 300 rim. Ultrasonic
application of an external DC electric field during treatment is used to deaggregate PT powders. The
solidification of epoxy. The structure and optical number jverage size of PT powders is in the range 20
properties of the composite materials prepared under to 80 nm
various electric fields are carefully analyzed by XRD
and optical spectrum technique such as ultraviolet To prepare fine composites, ultrafine PT
absorption spectroscopy, Raman spectroscopy and powders are dispersed in an epoxy matrix according to
photoluminescence spectroscopy. Second harmonic the desired weight fraction, then mixed with ethanol
generation (SHG) by the composite has also been and ultrasonically dispersed for 30 minutes. The
observed. The effect of the electric field on the mixture is then heated to 70 0 C to allow complete
structure and optical properties of the composites is solvent volatilization under stirring and placed in a
discussed. mould; the solid composite forms through a

solidification reaction of the epoxy mixture under
Introduction defined conditions in an applied electric field,

samples are cut and polished to ensure parallelism
There has been a significant increase of of the two faces. In our experiment, the weight

interest in new and multi-functional nonlinear optic fraction of the ultrafine PT powder in the composite
and electro-optic materials to meet very rapid is l%(Wt) unless noted elsewhere.
development of electronics and optoelectronics. Fine
composites are good candidate materials for solving The structure of the composite is examined
the problems in single phase materials when using a Rigaku D/max-IIIA X-ray
optimizing its figure of merit for certain diffractometer(XRD). Ultraviolet absorption spectra
applications. In particular, there are two kinds of are analyzed using a PELIT UV/VIS analyzer, Raman and
size effects for nanometer materials: the photoluminescence spectra are measured by a SPEX-1403
thermldynamic size effect and the quantum size Raman and a Perkin-Elemer LS50.
effect . It is well known that the properties of
nanometer materials are quite different from their
bulk properties, so new and better properties might Results and Discussion
be achieved through sum and product effects in fine
composite materials. 1.Structural Analysis

Fig. 1 shows the variation of the XRD patterns
During the last few years many high- of the composite with a PT weight fraction of 5%(Wt)

concentration piezoelectric ceramic-polymer and a solidification field of 0-400V/mm. As shown in
composites with many different connectivity patterns Fig. I, the intensity of 1(001)/I(100) increases with
have been successfully designed and fabricated to increasing solidification field. It is calculated
make an improved hydrostatic pressure sensor 2 . from Fig. 1 that the 1(001)/1(100) ratios under the
However, almost no work has been reported on the different fields are about 0.50, 0.77, 0.74
optical properties of PT ultrafine powder/epoxy fine respectively. The results indicate that the PT
composites with a low PT powder concentration formed particles in the composite are oriented along C axis.
under a DC electric field during epoxy It can be also seen from Fig. I that each XRD peak
solidification. In the present work, changes of XRD shifts toward lower angle with increasing
peaks and optical properties of the composites are solidification electric field, the maximum change for
carefully investigated under various conditions. (100) peaks is 0.2130, the average change is 0.02950.

C. Muralidhar et.al. have also observed the shifting
Exoeriments of the peaks in BaTiO 3 /polyvinylidene fluoride(PVDF)

with changes of composite weight fraction formed
Ultrafine PT powders are successfully under internal stress 4 . However, in our experiment,

prepared by Sol-Gel processing using lead acetate and it is suggested that the shift of peaks are

C113o8o-)-79O1-0465-9/9253.(X1,•EE 2



attributed to the action of both internal stress and suggested that changes in the absorption edge under
electric field force, an external electric field are due to interactions

between the electric field and the PT ultrafine
particles. Some works 5 have shown that the absorption
edge of semiconductors shifts with application of an
"external DC electric field. Their physical mechanism

1(0 will be studied in future work.

.a 2) Raman spectroscopy

Some clues to the bonding in complex systems
may be obtained by taking Raman spectra measurements

j. (a) at various conditions, which is an important tool in
studying the structure changes of materials. The
"Raman spectra of the PT fine particles, epoxy,and

20 30 40 50 PT/epoxy are shown in Fig.3. It is observed from
Fig.3(a) that the positions of Raman vibration of PT

26 fine particles are in vepy close agreement with those

of the PT bulk ceramic . The Raman vibration of the
Fig.l. XRD patterns of the composite with electric epoxy is very complex due to the large molecular
field during solidification structure, but structure changes in the materials can
(a) E=OV/mm (b) E=200V/mm (C) E=400V/mm be detected by comparing changes of the Raman peaks

at different stages. From Fig.3(c) the Raman peaks of
PT/epoxy are basically the same as a sum of those

2.Optical properties peaks from PT particles and epoxy, but there are new
peaks appearing, such as those at 332 and 452cm" 1 .

1) Optical absorption spectra When the DC electric field is 400V/mm, the Raman
peaks of the PT/epoxy decreased, some of peaks

The optical absorption spectra of various disappeared such as *hose at 332cm-I and 359cm- , and
samples(d=0.23mm) under different conditions are some of peaks shifted toward a larger wavenumber. It
shown in Fig.2. The absorption edge of the epoxy is indicates that structure of composites can be changed
quite different from that of the PT ultrafine bytwo phase fine composites under DC electric field.
powders, meaning that the optical absorption
mechanism is quite different. Without applying an
electric field during solidification as in Fig.2(b),
the optical absorption edge of the composite exhibits
characteristics of both materials. In particular,
when the external electric field is 400V/mm during
solidification, the absorption edge of the composite \ (d)

apparently shifts toward long wavelengths as shown
from Fig.2(d). Extrapolating the absorption to zero a (c)
from Fig.2, the gap energy of the composites changes
from 2.95eV to 2.75eV under a moderate DC electric
field. However, in our experiment, no shift of the (b).
absorption edge of the epoxy has been observed. It is

:3.0

S200 300 400 500
0
O WAVENUMBFR (cm')

0 I.b

Fig.3 Raman spectra of samples
I., (a) PT powders (b) epoxy
o bc (c) PT/epoxy(OV/mm)

-4: (d) PT/epoxy(400V/mm)

0

250 450 650
. nm

3) Photoluminescence spectra

Fig.2 Optical absorption spectra of sample
(a) epoxy (b) composite(OV/mm) (c) PT powders Photoluminescence spectra(PS) of epoxy and
(d) composite(400V/mm) PT/epoxy fine composites are measured at room

temperature. Fig.4(b) is the PS of the matrix, and
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the excitation spectra peaks at 400 nm when the
emission band is at 434 nm as shown in Fig.4(a), PS
peaks are 460,470 nm under 380nm ,400nm excitation, 12
respectively. There is about a 10 nm shift of PS
peaks between different emission bands. Fig.5 is the
PS of PT/epoxy (20wt%), the excitation spectrum peaks
is 378nm when the emission band is at 434nm from

Fig.5(a), the PS peaks are 425, 442nm under 370, 8
380nm excitation, respectively, and intensity of PS
peaks on PT/epoxy is much lower than that of the
epoxy. Moreover, it is observed that the PS curves
show a long tail, suggesting a broad distribution of 4
PT particle sizes dispersed in the epoxy. However, in
our experiment, no PS peaks of PT powders have been
observed at room temperature. Results indicate that
PT particles have a strong effect on the PS when PT 280 320 360 400

is dispersed in the matrix. More work is needed to
elucidate this problem. Fig.5(a) Excitation spectrum of PT/epoxy

Em= 4 34 nm

200

160

2.8

120 2

80 2.0

40

"L , , ,1.2

280 3"20 360 400 nm

Fig.4(a) Excitation spectrum of epoxy 0.4
Em =434nm'-

440 520 600 680

FIG.5(b) Emission spectra of PT/epoxy

I.Ex=370nm
200 .. 2.Ex,=380nm

200

2
160

120 4) SHG measurement

80 Second harmonic generation(SHG) by thePT/epoxy fine composites has been observed. The
relative intensities of SHG under different

40 longitudinal electric fields are shown in Fig.6. In
the experiment, the pump laser is a Nd:YAG pulse
laser with a wavelength of 1.06 um, a single pulse

440 520 6o0 680 energy of lOOmJ, a pulse duration of IOns and a
repetition rate of 2 Hz. A dual channel ratio energy
meter of R j-7200 is used to reduce fluctuations of
the pulse energy. Experimental results show that the

Fig.4(b) Emission spectra of epoxy SHG intensity increases with increasing
l.Ex=380nm solidification electric field, indicating that the
2 .Ex= 4 00 nm SHG efficiency can be modulated with an external bias

field during solidification.
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can be modulated with an external DC electric field
during solidification. It is suggested that these
properties may be associated with a coupling effect

6 between nanopowders and the external electric field.
Other nonlinear optical properties such as DFWM of

5 the fine composites is being investigated.
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solidification. Results show that applying such a
field is very different from applying an electric
field to the sample after solidification. According
to Furakawa theory 7 , the effective field Eeff acting
on an isolated spherical grain, as a function of the
applied electric field Ep is given by

Eeff 3K 1

Ep [2K 1 +K 2 +p(K l-K 2 )]

where Ki,K 2 ,and p are the dielectric constant of the
polymer matrix, ceramic filler, and volume fraction
of the filler, respectively. In the present work,
KI=8, K =200, p=0.0015, so the effective field Eeff
is 32.9V/mm when the applied electric field E is
400V/mm. This is much lower than the coercive Field
of PT ceramics (Ec= 6 75V/mm), so the effects of the
electric field on the composite can not been
explained by conventional polarization theory. It was
observed from TEM that most of the PT ultrafine
particles are ellipsoidal ; if macro polarization of
each particle is along the long axis of ellipsoid, PT
particle is subjected by a force couple from applied
electric field. Lee et.al. discovered that most of PT
ultrafine particles are mainly single domain when the
size of the PT particle is less than 200nm 8 . In this
case, the single domain particles are easily oriented
along the direction of the poling field while the
viscosity of the epoxy is still low before
solidification. This result has been observed by XRD
experiment of composites. Also, research results
indicate that the absorption edge and Raman spectra
of the composites all change, and the SHG efficiency
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ABSTRACT decreased, the photocarrier concentration is reduced and

In this paper, we report dark conductivity the dark conductivity can become a significant

measurements for BaTiO3 and Ce: SBN:60 using contributor to the noise. Dark conductivity

photorefractive two-wave mixing at intensities of less measurements for BaTiO 3 and Ce:SBN:60 at extremely

than 10 mW per cm2 . These are the first such low light levels were made using photorefractive two

measurements reported at extremely low levels and the wave mixing. We believe that these are the first such
measurements reported at these low light levels in these
materials. In this paper, we show that dark conductivity

I. INTRODUCTION: must be measured using low intensity data collected near
the TWM noise floor, particularly if an understanding of

There is a growing interest in the study of noise contributions from different sources of noise is pertinent.
reduction techniques and noise-limited image Dark conductivity computed using low intensity levels in
enhancement using photorefractive two wave mixing [1- TWM experiments differs from that computed when only
41. Photorefractive Two Wave Mixing (TWM) refers to high intensity data is included.
the exchange of optical energy between two mutually
coherent beams.[5] Typically, an intense pump beam, II. THEORY:

Po, and a much weaker signal beam, So, are recombined
in a photorefractive crystal configured such that energy is inser evio ul notedmat the ne imoor of tWMinteraction, grating formation can be impeded by the
transferred from the pump to the signal beam. Net finite dark conductivity. Therefore, for low light level
photorefractive gain results when the total amount of work, it is necessary to determine the bound imposed by
energy received in the signal path less the total this parameter in each type of crystal used. Ewbank,
contribution to the noise floor is greater than the energy et.al. have shown that ad can be determined
in the incident signal. experimentally from the photorefractive grating

A fundamental limit on the lower bound of formation time, 'CpR [7]. This parameter is the time it
photorefractive gain is the dark conductivity, ad. Dark takes the signal to reach (1-ej) of its steldy-state value
conductivity refers to the random, thermally-induced during two wave mixing. Dark conductivity has been
motion of electrons in a given medium. In measured for doped samples of SBN using TWM with
photorefractive interactions, it serves as an "erasing" incident intensities as low as 100 mW/cm2 and as high as
mechanism that can impede the formation of desired 14 W/cm 2 [7,81. For the diffusion-driven case, i.e.: no
gratings, thereby contributing to the noise. In most externally applied field, and in the limit that the grating
photorefractive TWM experiments, intensities are spacing, Ag, is much greater than the diffusion length, Ld,
relatively high (>100 mW/cm 2). Consequently, rpR is given by the inverse of the dielectric relaxation rate
phenomena such as the formation of competing gratings and can be defined in mks units as [7]:

[6], become the dominant contributors to the noise, (qTRI
overwhelming the contribution from dark conductivity. (EPR)"i = G ad+ \ thc / (I)

As the total intensity used in TWM experiments is where e is the dielectric constant, q is the charge of the

photocarrier, X is the wavelength, a is the absorption
+ Dr. Reintjes is with the Laser Physics Branch coefficient, g.t is the carrier mobility, tR is the carrier

CH3080-0-7803-0465-9/9253.00 ©IEEE 625



relaxation rate, and Io is the total incident intensity. The The bench configuration used in this experiment is
value of the dark conductivity for a given crystal can be shown in Fig. 1. Tl. polarization of the X=514.5 nm
determined from the y-intercept when l/TpR is plotted line from an argon ion laser was rotated with a half-wave
against total intensity, IPO+Iso. At I0--0: plate to create extraordinarily polarized light at the

ErEo crystal. The beam passed through variable attenuators
T PR (2) and was spatially filtered and collimated before being

where Er is the relative dielectric constant. split into a strong pump beam and a weaker signal beam.
The attenuator in the signal path was used to set the

To verify that the experiment was performed under beam ratio, Ipo/ISo. Mirrors, MI and M2, directed
the condition that Ag 0 2tLd, the diffusion length of the the 1 mm diameter pump and signal beams to the crystal
photorefractive charge carrier was calculated from this with an external Bragg angle of Bo=14', creating a
data as well. This calculation requires that the product of grating spacing equal to 1 gmim. The signal power was
the mobility and the relaxation rate, 9L'tR, is obtained from measured with a photodetector, P.D. Data acquisition and
the slope of the graph. From this product, Ld is control was done with an HP9836 over the IEEE-488
determined as [71: bus.

Ld = [.tiRkBT/q (3) The total intensity was varied by rotating a variable
attenuator in the common path while the ratio Ip/Iso
was kept constant at approximately 104. The minimum

Ill. EXPERIMENT: intensity level that was used for each material was the
lowest level at which the crystal exhibited TWM gain.

The dark conductivity was measured in Ce:SBN:60 Two wave mixing response was seen for signal power
and BaTiO 3 over the intensity range from 90 gW/cm 2 to levels as low as Stmin= 20 pW in the BaTiO 3 crystal and
0.33 W/cm 2. The upper end of this regime overlaps with Smin=35 pW in the Ce:SBN:60 crystal. Total intensities
the those used by Ewbank [71 and Vazquez [81. The at these lowest light levels for BaTiO 3 and Ce:SBN:60
Ce:SBN:60 was obtained from Rockwell. Its were 9 x 10-5 W/cm2 and 5 x 104 W/cm 2, respectively.
photocarriers were n-type. 'The BaTiO 3 came from MIT
and its photocarriers were p-type. Carrier types were Typically, when BaTiOc is used in TWM
determined using the pyroelectric effect. experiments, the crystal is rotated in the b-c plane by an

M2 _L 3a`TiO3

An C& P.D. to IEEE 488 I/O

Iris

Var. Spatial
Atten. Filter

W)b• Plate

Argon
Laser

Fig.1 Experimental bench configuration used to measure the photorefractive response time BaTiO3
and Ce:SBN:60.
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Fig. 2 Photorefractive grating formation rate as a function of total intensity incident on Ce:SBN:60. The solid
line is a weighted least squares fit to all data and the dashed line is a similar fit to the high intensity data only.
In 2(b) the dashed line has been extended to allow for comparison.

angle P, which is the angle between the grating vector compared to those measured by Ewbank, et al, for similar
and the c-axis, in order to make use of the high r42  crystals 17]. That group reported dark conductivity
coefficient. For the experiments reported here, P• was set measurements ranging from Gd= 2 .0 x 1011 to
to 30' because it was the maximum angle of rotation cyd= 3 .0 x 10.11 for 3 samples of Ce:SBN:61. We found
which was possible due to the combination of crystal that if we used only our higher intensity data points for
dimensions and beam diameters. A symmetric geometry the calculations (10>10mW/cm 2), our computations for
was used for the SBN crystal (03--0) to exploit the high ad would fall within their range.
r33 coefficient. The BaTiO3 and Ce:SBN:60 had
effective interaction lengths of Lef= 4.6 mm and Table I. ExperimentalResults
Le~f=6.0 mm respectively. The corresponding absorption Ce:SBN:60 BaTiO5
coefficients were ct=0.04/mm and a=0.24/mm. Multiple Od (C' cm)-' 9.2 X 101 3  5.4 x 10-12

readings were taken at each intensity level to determine RtR (cm 2/V) 6.1 x 10-11 9.2 x 10-11

error bars and overall repeatability of measurements Ld (A) 126 154

IV, RESULTS:
In Figure 2a, the dashed line is a weighted fit to

The dark conductivity and the diffusion length the high intensity data only. The solid line was fit to all
were calculated from the plot of 'EPR- vs. total incident of the data. As can be seen from the grapi., the two lines
intensity as shown in Fig. 2. The considerable scatter in appear to converge at the ordinate axis. however, a
the data points indicates that there is a wide range of closer examination of the y-intercepts is obtained from
variation from one measurement to the next, which is the graph shown in Fig 2b. The divergence in the y-
typical of photorefractive interactions. At the highest intercepts translates to a difference of the order of 30 for
intensity, the absolute magnitude of the scatter is 100 computed values of ;d in this work.
times greater than at the lowest intensity. Consequently,
it is necessary to use a weighted least squares fit which Because dark conductivity, by definition, is the
accounts for the error in the scatter as a percentage of the conductivity when the intensity goes to zero, we would
predicted value. From the weighted fit, Od was computed expect that the more accurate value of rd would be
using Eqn. (2), and the y-intercept. Similarly, Ld was obtained from the lower intensity mtasurements. In
computed using Eqn. (3) and the slope, as previously lower intensity regimes knowing a noise bound to more
described. These results are summarized in Table I. accurate levels can be critical. These results indicate that

dark conductivity should be computed from
The value of Yd for the SBN sample in our measurements taken in the working regime of interest or

experiment is smaller by over an order of magnitude the contribution from Td may be overestimated.
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We report Oyd= 9 .2 x 10-13 (a cm)-l for Ce:SBN:60
and 7d=5. 4 x 10"12 (Q cm)"1 for BaTiO3 when intensities

less than 10 mW/cm 2 are included in the calculation.
,BaTIO 3 Our results also indicate that diffusion length varies with

S0.01 "intensity regime. Therefore, experimental configurations
may be impacted as well.

'. Simple exponential models for thermal heatingIrC 0. 0 05 pl-, • t

Ce:SBN:60A'• _&4 cannot account for the magnitude of change observed in>1 0ad. Possible mechanisms to account for this change are
the subject of further study.

0 0.001 0.002 0.003 0.004 0.005
Incident Intensity (W/cm 2) REFERENCES:

Fig. 3 Photorefractive grating formation rate as a [1] H. Rajbenbach, A. Delboulbe and J.-P. Huignard,

function of total intensity incident on Ce:SBN:60 and "Low-Noise amplification of ultraweak optical wave
BaTiO3 for extremely low light levels, fronts in photorefractive Bil 2SiO 20 ," ptLJ ltt., vol. 16,

p. 1481, 1991.

The slopes of the lines and therefore the diffusion [21 W.S. Rabinovich, B.J. Feldman, and G.C. Gilbreath,

lengths for a given crystal also differ depending on "Suppression of photorefractive beam fanning using
whether the low intensity data was used in their achromatic gratings," Opt. Lett,,vol. 16, p. 1147, 1991.

calculation. The implication from the data is that at the
lower intensity levels, Ld is greater; hence, the bound on [3] H. Rajbenbach, A. Delboulbe, and J.-P. Huignard,

the geometry will be different, which can impact overall "Noise suppression in photorefractive image amplifiers,"

bench configurations. Opt, Lett., vol. 14 , p. 1275, 1989.

Grating formation rates measured in this 141 1. Khoury, C. L. Woods, and M. Cronin-Golomb,

experiment are plotted as a function of total incident "Noise filtering using adaptive spatial filtering in

intensity for BaTiO 3 and Ce:SBN:60, in Figure 3. This photorefreacive two-beam coupling," 02t. .LeL,, vol. 16,

figure shows the low intensity regime which is of p. 747, 1991.

particular interest in the investigation of noise sources. [51 D.L. Staebler and J.J. Amodei, "Coupled-wave
As in Figure 2, the straight lines represent weighted least analysis of holographic storage in LiNbO 3," J. Appl.

squares fits to all of the data. The y-intercepts and slopes Phys., vol. 43, p. 1042, 1972.
of these two lines are considerably different because of
the differing response times of the two photorefractive [6] J. Feinberg and K.R. MacDonald, "Phase-conjugate
crystals. In this case, the BaTiO 3 was approximately 6 mirrors and resonators with photorefractive materials",
times faster than the Ce:SBN:60 in the intensity regime Topics in Applied Physics, vol. 62. p. 180, 1989.
of interest. These results are in contrast with those of
Ewbank, et.al., who report that the response rate of [7] M. D. Ewbank, R. R. Neurogaonkar, W. K. Cory,

BaTiO 3 was approximately one third the rate of the and J. Feinberg, "Photorefractive properties of strontium-

Ce:SBN:61 crystals under study[7]. barium niobate," J. AppI. Phys.. vol. 62, p. 374, 1987.

V. CONCLUSIONS: [8] R. A. Vazquez, M. D. Ewbank, and R. R.
Neurogaonkar, "Photorefractive properties of doped

We have shown that the most accurate strontium-barium niobate," Opt.Comm., vol. 80, p. 253,

measurements of dark conductivity are made when the y- 1991.
intercept is computed using weighted least squares fit
including measurements taken near the noise floor for
two wave mixing interactions in a specific crystal. Such
a bound is important to determine experimentally when
seeking to understand noise mechanisms in a given
photorefractive medium.
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PHoTOREFRACTIVE IMAGE AMPLIFICATION AT EXTREMEELY LOW LIGHT LEVELS
by

G. C. Gilbreath, A. E. Clement. J. Reintjes, and R. McKnight, Jr.
Optical Systems Section

Naval Research Laboratory
Washington, D. C. 20375

ABSTRACT image. G. is related to the photorefractive gain, G, by

We report measurements of image amplification at the ratio of Iso to the signal propagated through the

extremely low light levels in BaTiO 3 using crystal with no pump present, or Gn =Gis\(o PVlso. The
photorefractive gain, G, is a function of beam ratio,photorefractive two wave mixing. We observed image geometry, electro-optic characteristics, dark conductivity

amplification for signal levels as low as 20 pW with a and absorption. It is defined as:

Fresnel number of 382. Comparisons of Fourier and

direct imaging show that amplification of the Fourier l+m
transform of the image provides improved image quality G= (1)
and field-of-view at the lowest light levels. l+mexpl(a-F)Leff

1. INTRODUCTION where m=lpo/IJo, lpo is the incident pump intensity, lso is
the incident signal intensity, Leff is the effective

Image amplification using photorefractive Two interaction length, (x is the absorption coefficient, and F

Wave Mixing (TWM) is well-known.[ 1,21 In TWM, two is the exponential gain coefficient defined in terms of

mutually coherent beams of light are combined in a material parameters and geometryl 101.

photorefractive material in a configuration that enables
light to couple from one beam to the other. Typically, frm the pump due to beam fanning, can be reduced by
one beam (signal) is much weaker than the other (pump) from the pum de numbe r f the reducer,
and carries a spatial distribution (the image) to be
amplified through coupling with the stronger pump beam. such that: F#=A/XLLeff, where A is the area of the pump

At extremely low light levels, the quality of such an beam, X is the wavelength, and Letff is the effective

amplified image is affected by scattering from defects in interaction length of the amplifier[ 11. In imaging
the crystal, such as scratches, cleaves, and embedded systems, a lower limit on the F# is set by the desired
scattering centers. These defects can degrade the image image resolution. Consequently. there is a compromise
directly through obscuration and distortion. In addition, between resolution and reduction of noise level. For

these scattering centers can set up competing TWM resolution that supports standard video imaging, an F# of
gratings that contribute noise to the amplified image by the order of 400 is suitable.

scattering pump light into the solid angle of the amplified
image. This effect is known as beam fanning.13) The The noise level in the amplified image can also be

competing gratings can also give rise to nonuniform affected by the imaging geometry. If the direct image of
amplification[41, and can reduce signal-to-noise[5l, an object is amplified and then reimaged onto a detector,
consequenL)• limiting minimum detectable signal levels, the noise generated in the crystal will also be ima:ged into

the same area. If the Fourier Transform of the object is
Various techniques for reducing the noise in amplified and the image of the object is subsequently

photorefractive TWM have been reported[6-9]. The reconstructed at the detector, the noise generated in tee

lowest signal level reported to date for image crystal will be transformed at the detector. In this
amplification is 70 pW in BSO which was achieved situation, small scale defects in the crystal will not appear
using crystal rotation to reduce noisel9l. In this paper, we directly in the reconstructed image. In addition, the noise

examine image amplification in BaTiO 3 at extremely low generated from beamfanning will be spread over an area
nwas observed down to corresponding to the spread of spatial frequencieslight levels. Image amplification wa bevddw o accepted by the TWM amplifier. T'he area over which

signal levels of 20 pW. We compare images obtained by the nos aprsnte eructe age pae cancb

amplifying the direct image of an object with images the noise appears the reconstructed image plane can be

obtained by amplification of the Fourier transform. The larger than the area of the re-transformed image, resulting

results indicate that the gain and image quality are both in an increase in the signal-to-noise ratio within the

higher with the Fourier imaging technique than with the recovered image.

direct imaging technique. It. EXPERIMENT

Extremely low light image amplification using The experimental apparatus used in the experimentsphotorefractive TWM requires that Gnlso>ls-N, where Gn h xeietlaprtu sdi h xeiet
isphotrefractive n retqgainreis incident signal inrens, reported here is shown in Fig. i. A beam from an argon
is photorefractive net gain, Iso is incident signal intensity, ion laser was directed through polarizing optics, a
Is is the total intensity received in the signal path, and N variable attenuator, a spatial filter, collimating optics, and
is noise defined as characteristics which degrade the true an iris to form a 3 mm diameter beam in the shape of an

CH300-J --7x,)3-(t465-9/Q2$3.(X ),IEEE 629
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FIGte .Th Experimentam interferometer for photorefractive image amplification using two wave mixing.
Upper box shows configuration used for Fourier imaging; inset shows optics used in direct imaging.

Airy disk at a wavelength of X. = 514.5 nm. The primary between lenses L3 and 1-4, or lenses L7 and L8 reduced
beam was then split into a strong pump beam, Po' and a the scattered light transferred to the camera.
w eaker signal beam , So l w ith a 10:1 refl ecting be am T e a e t r f t e B ~ 0 r s a a - m
splitter. The pump beam was directed through a reducing For this crystal and geometry, the effective inte~raction
telescope consisting of lenses LI and L2 by mirror MI toform a 1 mm diameter beam at a BaTiO3 crystal. The length, Leff, was 4 mm, and ct=0.04 mn-l. The dark

conductivity was 9.2E(-13) per ohm-cm, as determined
signal beam passed through an additional attenuator to set by the technique of Ewbank, et. al.[ 12] at the extremely
the beam ratio and was then directed to the BaTiO 3  low light levels used in these experiments. The pump
crystal by mirror M2. and signal beam were extraordinarily polarized with

respect to the c axis and the external Bragg angle was
An image was placed on the signal beam with an Air 140. The bisector was rotated 300 with respect to the c

Force resolution chart. Depending on the measurements axis which was the maximum permitted by the crystal
being made, either the image of the resolution chart was dimensions. At this ratio, F at saturation was 1.25/mm.
relayed to the BaTiO 3 crystal with lenses L5 and L6, or The Fresnel number for this geometry was F#=382,
the Fourier transform of the resolution chart was formed corresponding to approximately (382)2 resolvable spots
at the crystal by lens FFI. When the direct image was in the image.
amplified, the diameter of the signal beam was reduced to
1 mm with lenses L5 and L6 to match the pump beam Measurements of the photorefractive gain and the
diameter. When the Fourier transform configuration was amplified images were made for both the Fourier and
used, the central disk of the transform was =31.6 gim in direct imaging configurations as a function of total
diameter, corresponding to about 1/30 th of the pump power. The incident power was varied over the range
beam diameter. This latter geometry enabled high spatial from 8.2,tW to 0.88jiW by adjusting the variable
components containing information about the image attenuator in the primary beam before the beam splitter.
structure to be subtended by the pump beam. The ratio of powers in the pump and signal beams was

signal set to 26000:1 by adjusting the attenuator in the
The image in the amplified signal beam was signal beam after the beam splitter. This ratio was kept

detected with a Cohu CCD camera and a computerized constant throughout the experiments. The value of m at
image processor. Using the direct method, the amplified the crystal was approximately 26000:1 for the direct
image of the chart was transferred to the CCD camera imaging measurements. For Fourier imaging, m is
with imaging lenses L7 and L8. When the Fourier estimated to be on the order of 35:1 in the central lobe of
transform of the chart was amplified, the image was the transformed image, if it is assumed that the
reconstructed with lens FT2 and was then transferred to transformed image is comparable to an Airy disk.
the CCD camera with lenses L3 and L4. An aperture
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A similar set of pictures is shown in Fig. 3, for readily implementable and does not require conpicx
Fourier image amplification with S(no pump) = 20 pW optical interferometers or mechanical methods which
(Fig. 3a); and for direct imaging with S(no pump) = reduce signal power as well as noise.
27 pW. These were approximately the lowest incident
powers at which viable amplified images could be
detected for each technique. Again, the image structure ACKNOWLEDGMENTS
was 5 line pairs per mm. The integrated gain for both
methods as measured with the photo diode was about 4. The authors would fike to thank Dr. William

Rabinovich for his many helpful suggestions and
A comparison of the images obtained by direct and discussions.

Fourier imaging shows that the Fourier images had a
larger field-of-view and could be detected at lower signal REFERENCES
intensities than the direct images. The field-of-view for
direct imaging is controlled by the diameter of the pump 1. P. Gunter, "Holography, coherent light amplitication and
beam, Dp, relative to that of the signal beam, Ds. For optical phase conjugation with photorcfracti',e r, -ials,'xPhysics Repgns, vol. 93, p. 199, 1982.
these experiments, the pump beam profile was
approximately Gaussian and therefore formed an 2. Y.Fainman, E. Klancnik, and S. H ".ee, "Optimal cohercnt
apodizing filter for the image. The diameters were image amplification by two-wave coupling in photorefractive
matched 1:1. Effective amplification was observed over BaTiO3," O vol. 25, p. 228, 1986.
the central 4701pm of the pump, which coincides 3. J. Feinberg and K. R. MacDonald, "Phase-Conjugate
approximately with the I/e diameter (4001am). However, Mirrors and Resonators with Photorefractive Materials," I~pju
at the higher intensities, structure was evident in the in Applied Phwsics, vol. 62, p. 180, 1989.
"wings" of the amplified image. As the signal power was 4. G. C. Gilbreath, "Forward Multibeam Mixing in Diffusion-
changed from 185 pW to 20 pW, the FOV for the direct Driven Photorefractive Media," Ai, of Lignimave Tech., Vol.
images decreased from recovering most of the original 9, no. 1, p. 105, 1991.
image to just that subtended by the approximate l/ediameter. 5. J. Joseph, K. Singh, and P.K.C. Pillai, "Crystal orientationdependence of SNR for signal beam amplification in

photorefractive BaTiO3," Opt. & Laser Tech., vol. 23, p. 237,
For the Fourier imaging, Dp does not directly affect 1991.

the field-of-view. This parameter affects only themaximum number of spatial frequencies that can be 6.i. Rajbcnbach, A. Delboulbe, and 1.-P. Huignard, "Noise
suppression in photorefractive image amplifiers," Ot. Lett.,retained in the image. As a result ,we would expect this vol. 14, p. 1275, 1989.

configuration to pr.vide a larger field-of-view, but
potentially a reduced resolution. As can be seen by 7. J. Khoury, C. t.. Woods, and M. Cronin-Golomb, "Noise

gFourier images in Figs. 2 and 3, there is some filtering using adaptive spatial filtering in photo refractive two-comparingbeam coupling,' Ot Lt.__ ., vol. 16, p. 747. 1991.
reduction in the FOV at the lowest light levels but not

nearly to the extent evident when the direct imaging 8. W. S. Rabinovich, B. J. Feldman, G. C. Gilbreath,
method. "Suppression of photorefractive beam fanning using

achromatic gratings," Opt. Lett., vol. 16, p. 1147, 1991.
The expected difference in FOV between the two 9. H. Rajbenbach, A. Delboulbe, and J.-P. Huignard, "Low-

methods can be seen in Figs. 2 and 3. The resolution for noise amplification of ultraweak optical wave fronts in photo
each method evident in the two figures appears refractive Bi12SiO2O." Gpt. Lett., vol. 16, p. 1481, 1991.

comparable, indicating that the resolution attainable with 10. A. Marrakchi an, J. P. Huignard, "Diffraction Efficiency
the Fourier imaging is not severely limited for these and Energy Transfer in Two-Wave Mixing Experiments with
experimental conditions. To acquire an equivalent FOV BiI2SiO20." Appl.Phys., vol. 24, p. 131, 1981.
using direct imaging, the image would have to bedemng direct suching, that image chae re tions b 11. M. D. Duncan, R. Mahon, L. L. Tankerslev, and J.demagnified such that Ds=400pm. Such reductions Reintjes, JOSA B (submitted for publication: Mar,:h, 1992).
make the image vulnerable to obscurations, scratches,
and other effects impressed directly by the defects and 12. M. D. Ewbank, R. R. Ncurogaonkar, and W. K. Cory,
inperfections in the crystal itself. "Photorefractive properties of Strontium Barium Niobate," L

Appl. Phys., vol. 62, p. 374, 1987.

IV. CONCLUSION

In conclusion, we have shown that Fourier imaging +Dr. Reintjes is with the Laser Physics Branch.
is preferable to direct imaging for extremely low light
image amplification using photorefractive energy
couplers. The technique inherently filters out noise
generated from scatterers; consequently, minimum
detectable signal levels can be lower. Image structure is
viably recovered with far smaller illuminated volumes
using Fourier imaging. Hence, crystals with smaller
apertures may be used. Finally, Fourier imaging is

632



AUTHOR INDEX Dimza, V., 134
Ding, A.-L., 19.,233 Kaflur. V.A., 374

Adair, J.H., 89 Dmytrow, D, 370 Kampschoer, G.L.M.. 217
Adhikani, P., 116 Doripella, C.R., 206 Kanai, K.. 405
Ahrnad, A., 516, 520 Dougherty, J.P., 55, 70, 492 Kanegae, T., 140
Al-Shareef, H-N., 448 Drummnnd, M.A., 374 Kankul, H., 148

Alberta, E.F., 560 Kano, G., 356
Alemany, C. 1;12 Eatough. N4O., 344 Kasamnatsu, T., 47
Amin, A., 1 Elissalde, C., -158, 462, 465 Katayamna, T., 327, 428

Anderson, M.U . 273 Eyraud, L., 255. 533. 581 Kato, Y., 405
Andriamnampianina, V., 36,,, Eyraud, P., 255, 533 Kazaoui, S., 465
Acyagi, M., 537, 541 Khan, A.R., 412
Armstrong, T.R.. 455 rang, X. -Q., 43 Khutorsky, V.E., 592
Auciello, 0., 229. 320, 448 Fijii, E., 356 Kim, J.. 185

Audaire, L., 27 Fousek, 1.., 171 Kim, J.S., 367
Audigier, D., 255 Fren(-o, K.W., 160 Kim, Y.J., 213, 395, 588
A~zuma. M., 356 Fudla, Y., 573 Kim, K.C., 588

Fujimoto, S., 405 Kingon. A.l1., 229, 320, 448

Baidy, E., 281 Furuta, A., 195 Kirlin, P.S., 340
Bailey, A.E., 1.:>, Furuya, M., 66 Klee, IA.. 217
Ballato, A., 281 Klein, L.C., 444
Banno, H., 266 Gachigi, K.wa, 492 Klotins, E., 134
Barrett, J., 484 Galloway, K.RF, 240, 424 Knauss, L.A., 116
Bauer, F., 27, 273 Garabddian, C., 581 Kneer, E.A., 424
Bellur, K.R., 448 Gardiner, R., 34' Ko, J.S., 395
Bendale, P., 89 Garino, T.J.. 344 Komachi, T.K., 94
Beratan, H.R., 1 Gaucher, P., 458 Kosinski, J., 281
Bhalla, A.S., 401, 480, 556, 560 Ge, M., ;9 Krupanidhi, S.8., 305, 309, 340, 440

Bhanumathi, A., 144, 209, 500 Giff ord, K D~., 448 Kulwicki, B.M., 1
Birks, E., 134 Gilbreath, (i.C 625, b29 Kumar, U., 55, 70, 148, 492
Birnie, 1:1, D.P., 424, 240 Gonnard, P., 581 Kuriakose, A.K.. b16
Boulton, J.M., 424 Goodnow, D.C., 344 Kurtz, S.K., 269
Bowen. L.J., 160 Gotor, F.J., 398 Kuskbabe, C., 537
BrooKs. K.G., 182, 269 Graham, J.T., 167 Kwok. C.K., 408
Brown, A.E., 74 Graham, R.A.. 273
Brown, L.F . 277 Greegor, R.9 436 Lal, M., 554
Buchanain, RC., 185. 455 Gupta, S.P.. 206 Lamppa, D.L.. 344
bur!3n,. L.C., 94 Gururaia, T.R., 259 Lang, S.B., 592

Larsen, P.K.. 217

Canaday. J.D., 516 Hadnagy, T. D., 416 Lee, 8.1.. 488
Cao, W., 107, 252 Haertling, G.H.. 23, 236, 297, 488, Lee, H. Y., 94, 524
Carabatos-Nedelec, C., 370 569, 596 Lee, J.W.. 248

Carter, C.F., 202 Hagenmuller, P.. 123, 360 Lee, L.M., 273
Cerro, J. del, 398 Hagiwara, M., 103 Lee, S.C., 240, 424
Chadney. J.E., 452 Hall, D.A., 51, 508 LP -, S.H . 213, 588
Chaminade, J.P., 364 Han, Y., 609, 621 Lee, : .-Y., 529
Chan, K.S., 233 Handerek, J., 370 LeFebvre, H., 273
Chen, H.Y., 600 Hanson, C.M., 1 Leung, M.S., 349
Chen, H. T., 353 Harmer, M.P., 111 Lewis, K.L., 452
Chen, J., 111, 182, 313 Hayashi, K, 428 Li, G., 569
Chen, T.C.C. 600 Headley, T.J., 344 Li, K.K., 236
Chen, X., 229 Hendricks, W.C., 293 Li. L., 349
Chen, Y -., 31, 607 Hu, H., 305, 309. 440 Li, L. T., 468
Chen, Z., 47 Hi.ang. 8., 381 Li, S., 401, 480
Choch, J.M.K., 625 Huang, C.-Y., 401 Li, Y., 613
Chodelka, R.E., 89 Huang, C.H.-J., 332 Liang, C.-K., 529
Choi, S.W., 213, 395, 588 Huang, S.-Y., 123, 360 Lin, C., 488
C;hoi, W.-S., 164 Huang, Y.-H., 19 Lin, C.T.. 349

Cl-Harrad, 1., 370 Huang, Z.Z., -76 Lin, H., 332
Clement. A.E., 625 Huebner, W., 148 Liou, T.. 607
Clement. A.D., 629 Hwang, D.M., 301, 392 Lipeles. R.A., 349

Collier, D.C., 199 Livage. C., 444
Costantino, S.A., 89 Ichnose, N., 94 Lopez, F., 39
Criado. J.M., 398 Imal. T., 317 Lu, H.M., 476
Cross, L.E.. 107, 182, 252, 313. 401, Lu, P., 545, 585

480 Jang, S.-J., 480 Lu, P.W., 548
Janna, P.. 374 LU, S., 385

Dausch. D.E., 297 Jaquays, C., 116 Luo, W.-G., 19, 233

Day. J.E.. 74 Jia, 'NY., 31, 607 Lytle, F.W., 436
deFrutos, J., 39 Jiang, 0.. 107
Desu, S.B., 225, 293. 399, 412 Jimene, B., 512 Mao, Z.Y., 468

Dexter. K.F., 452 Jimenez. B., 39 Maiwa, H., 103

634



Mann, L.A., 206 Sayer, M., 244 Wang, A.Y., 389
Marsh, P.. 148 Sayer, M., 289 Wang, F.. 55. 236, 596
Massuda, M., 152 Scheinbeim, J.I., 248 Wang, H., 63, 252. 472, 548 551
Matsubara, S., 285 Schmidt, V.H., 119 Wang, H.-F., 185
McKnight, Jr., R.A., 625. 629 Schmitt, H., 76 Wang, H.-W., 51
McMillian, LOD., 356 Schrimpf, R.D., 240, 424 Wang, L.M., 301, 389
Mei, B.Z., 248 Schwartz, R.W., 344 Wang, P.J., 31, 607
Millar, G. E., 59, 512 Scott, J.F., 356 Wang, S.F., 70
Ming, N.-B., 35 Scott, M.C., 356 Wang, S.F., 148
Mitra, S. N., 416 Selvaraj, U., 269 Wang, X., 377, 381, 585
Miyasaka, Y., 285 Shannon, J., 281 Wang, X.M., 179
Mori, T., 66 Shebanov, L., 134 Wang, Y. L., 353
Mouli, KGC., 144, 500 Sheen, J., 480 Watton, R., 202
Mukherjee, B.K., 167, 520 Sheldon, D. J., 416 Webb, J.S.. 349
Mundi, M., 398 Shen, D., 63, 545, 551, 585 Whatmore, R.W., 11,.2(2
Murty, K.L., 209 Shen, D.W., 548 Wheat, T.A., 516, 520
Murty, K.V.R., 144, 209, 500 Sherrit, S., 167 Wiederick, HOD., 167
Murty, S.N., 144, 209, 500 Sherrit, S., 520 Williams, M.A., 508

Shimizu, M., 47, 327, 428 Wolny, W.W.. 59
Nam, H.-D., 524 Shin, Y.H., 213, 395 Wood, A.K., 508
Nance, J.D.. 74 Shiosaki, T., 47, 156, 327, 428 Wu, A.Y., 301, 389, 392, 436, 600.
Newman, S.A., 248 Shiozaki, T., 317 604
Nicolaides, G.. 392 Shorrocks, N.M., 11, 202 Wu, D. H., 353
Nigli, S., 374 Shrout, T.R., 80 Wu, L., 529

Simon, A., 364 Wu, Z., 244
Oakley, C.G.. 148 Simon, D., 76
Obhi, J.S., 11 Simonne, J.J., 27 Xie, S.W., 31. 607
Ochi, A., 66 Siu, G.G., 233 Xu, B., 472
Ogura, K., 266 Skaar, E.G., 484 Xue, W., 63, 545, 551, 585
Ohanessian, H., 581 Smits, J.G., 164 Xue, W.R., 548
Ohki, M-, 49 Smyth, D.M.. 111
Ohno. T.. 573 Srikanth, V.S., 556 Yamaguchi, H., 285
Okazaki, K., 103, 504, 565 Sternberg, A., 134 Yamamoto, T., 317
Orr, M.N., 424 Stringfellow, S.B., 202 Yang, D., 496
Osbond, P.C., 202 Sugihara, S., 103, 565, 577 Yao, X., 189, 377, 381, 385. 432.
Otsuki, T., 356 Sugiyama, M., 327 462.468, 609. 613, 617, 621
Ozolinsh, M., 134 Sun, H.-T., 189 Yi, G., 289

Sun, P., 432 Yin, Z.W., 472, 476
Padmavathi, G., 209 Sutherland, A.E., 152 Yon, J.S., 556
Pan, W., 408 Swartz, S.L., 80 Yoo, IK., 225, 408
Pandey, R.K., 374 Yoshida, T., 573
Pardo, L., 512 Tahan, D.M., 420 Yoshikawa, S., 269, 573
Patel, A., 11 Takemura, K., 285 You, B., 613, 617
Paz de Araujo. C.A., 356 Takenaka. T., 560 You, 1. K., 412
Peng. C.H., 293 Taniguchi, N., 156 Yu, D. W., 353
Peng, G.-J., 305 Tanimoto, T., 504 Yu, 1., 367
Perez-Maqueda, L., 398 Taylor, D.J., 560
Pilgrim. S.N., 152 Tekenaka, T., 140 Zhang, L.-Y., 189. 385, 432, 609, 617.
Pinto, N.J., 119 Teowee, G., 240, 424 621
Pitzius, P., 76 Tomikawa, Y., 537, 541 Zhang, Q.-R., 43
Polla, D., 127 Tossell, D.A., 10 Zhang, Q.M., 252, 480
Prasad, S.E., 516 Toulouse, J., 116, 179 Zhang, Q.T., 63, 548, 551
Preston, K.D. 23 Troccaz, M., 533 Zhang. R.-T., 19, 233
Proddey, J.D., 152 Tuttle, B.A., 344 Zhang, W., 545

Zhang, Z., 551
Rabson, T.A., 332 Udayakumar, K.R., 182, 313 Zhao. M.Y., 63, 545, 548, 551, 585
Ravez, J., 123, 360, 364. 458, 462, Uhlmann, D.R., 240, 424 Zhou, Q.F.. 607, 621

465 Ujma, Z., 370
Real, C., 398 Umakantham, K., 500
Reed ., R.P, 273 Unchino, K., 195
Reinties. J., 625
Rey, S., 533 Van Buskirk, P.C., 340
Richard, C., 255 Van Der Mark, M.B. , 217
Richard, M., 255 Van Nice. D.B. , 167
Ricote, J., 512 Varanasi, S., 55
Roberts, T., 356 Varma, S., 516
Roseman, R.D., 185, 455 Venigalla. S., 89
Rou, S.H., 448 Vijay, D.P., 408
Ryu. Y.l.. 367 Voigt, J.A., 344

Von Der Miihll, R., 123, 360, 364
Safari, A.. 281, 420, 444 Vugmeister, B.E., 116, 179
Satoh, A., 541

635



Attendance Roster



ATTENDEE LIST

ADACHI, Masatoshi BAUER, Francois BUCHANAN, Relva C.
Toyama Prefectural University Institut Granco-Allemand (J.S.L.) University of Illinois
Kosugimachi 5 rue General Cassagnou Dept. of Mat Sci/Engrg
Toyama, Japan 939-03 Saint-Louis, 68301 France 105 S. Goodwin Ave.

Urbana, IL 61821
ADAIR, James BEDEKAR, Milind M.
University of Florida Rutgers University CAO, Wenwu
323 Mae Building Department of Ceramics Penn State
Gainesville, FL 32611 POB 909 164 Materials Research Lab

Piscataway, NJ 08855 University Park, PA 16802
ALBERTA, Edward F.
Penn State University BELL, Andrew CATALAN, Tony
143 Materials Research Lab Ecole Polytechnique Federale General Motors Corporation
University Park, PA 16802 de Lausanne 13 Mile at Chicago Rd.

Lab. de ceramique, MX-Ecublens Research Labs
ALEXANDER, Jane A. 1015 Lausanne, Switzerland Warren, MI 48090
DARPA
3701 N. Fairfax Drive BELLUR, Kashyap CHEN, C.J.
Arlington, VA 22203 Dept/Mat Sci & Engrg, NCSU AVX Corporation

Raleigh, NC 27695-7907 2875 Highway 501
AL-SHAREEF, Sam Conway, SC 29526
North Carolina State University BENEDITTO, Joseph
2603 L Village Court Harry Diamond Labs CHEN, Jiayu
Raleigh, NC 27607 2800 Powder Mill Rd. Pennsylvania State University

Adelphi, MD 20783 A6, Materials Research Lab
AMIN, Ahmed State College, PA 16802
Texas Instruments BENNETT, Kelly W.
34 Forest Street Harry Diamond Labs CHEN, Jie
Attleboro, MA 02703 2810 Powder Mill Rd. Lehigh University

Adelphi, MD 20783 Whitaker Lab #5
AOYAGE, Manabu Bethlehem, PA 18015
Yamagata University BERNACKI, Steve
4-3-16, Jonan Yonezawa Raytheon Company CHEN, Xiaohua
Yamagata, Japan 992 528 tBoston Post Road Dept. Mat. Sci/Engrg, NCSU

Sudbury, MA 01776 Raleigh, NC 27695-7907
AUCIELLO, Orlando
MCNC, Center for BHALLA, A.S. CHEN, Z.J.
Microelectronics Penn State University Dept. of Mat Sci/Enqrg
3021 Cornwallis Road Materials Research Lab Blacksburg, VA 24060
Research Triangle Park, NC University Park, PA 16802
27511 CHENG, Lap Kin

BHAWUMATHI, A. E.I. DuPont De Nemours & Co.
BALLATO, Art Andhra University Experimental Station
US Army Electronics Technology Dept. of Physics PO Box 80306

& Devices Lab AU, Visakhapatnam, India Wilmington, DE 19880-0306
SLCET- DS
Fort Monmouth, NJ 07703-5601 BLOOMFIELD, Phillip E. CHIU

Drexel University Virginia Tech
BANNO, Hisao Biomedical Engineering & 213 Holden Hall
NGK Spark Plug Company, Ltd. Science Inst. Blacksburg, VA 24060
14-18, Takatsuj-cho Philadelphia, PA 19104
Mizuho-ku, Nagoya Japan 467 CHODELKA, Robert E.

BOWEN, Leslie J. University of Florida
BARLINGAY, C.K. Materials Systems Inc. 305 MAE
Arizona State University 53 Hillcrest Road Gainesville, FL 32611
Chem Bio and Mat Engrg Concord, MA 01742
Tempe, AZ 85281 CLARK, Fred

BROWN, Lewis F. CeramPhysics, Inc.
BARRETT, James R. South Dakota State University 921 Eastwind Dr., Suite 110
Clemson University POB 2220, Harding Hall 201 Westerville, OH 43081
Olin Hall Brookings, SD 57007
Clemson, SC 29634-0907

638



CLEMENT, Anne E. DeFRUTOS, Jose FOUSEK, Jan
Naval Research Lab Dpts Fisica Aphicada UPMEVIT Institute of Physics
4555 Overlook Avenue SW Telecromm Na Slovance 2
Washington, DC 20375-5320 Crta Valencia, Km F.28031 18040 Prague 8, Czechosiovakia

Madrid, Spain
COLLIER, Donald C. FUJIMOTO, Sanji
Norden Systems DEL CERRO, Jaime Fukui Institute of Technology
Norden Place Penn State University, MRL 3-6-1 Gakuen
Norwalk, CT 06856 University Park Fukui 910, Japan

State College, PA 16802-4801
COSTANTINO, Steve (address after conference: FURMAN, Eugene
Cabot Performance Materials Seville University 350 Baldwin Rd, K-4
County Line Road P. Box 1065 Parsippany, NJ 07054
Boyentown, PA 19512 Seville, Spain)

GACHIGI, Kamau Wa
CROSS, L.E. DE VRIES, Hans Penn State University
Materials Research Lab Philips Components 9B Graduate Circle
Penn State University P.O. Box 278 State College, PA 16801
University Park, PA 16802 5600 MD Eindhoven,

Netherlands GAUCHER. Philippe
CUTCHEN, J. T. (Tom) Thonson CSF/LCR
Sandia National Laboratories DEXTER, Kathleen Orsay, 91190, France
Dept. 2506 DRA, Malvern (UK)
Albuquerque, NM 87185 St. Andrew's Road GIFFORD, Kenneth D.

Malvon, Worch., WRIL 1OZ North Carolina State University
DAEMEN, A. Englund 1901-202 Eyrie Court
DSM Research Raleigh, NC 27606
P.O. Box 16 DIMOS, Duane
Geleen, Netherlands Sandia National Laboratories GILBREATH, G. Charmaine

Department 1845 Naval Research Lab
DAI, Xunhu Albuquerque, NM 87185-5800 4555 Overlook Avenue SW
University of Illinois105 S Washington, DC 20375
Goodwin St, Ceram Bldg, Rm 421 DOUGHERTY, Joseph P.
Urbana, IL 61801 Penn State University GONNARD, Paul

144 Materials Research Lab Institut National des Sci Appli
DAM, Chuong University Park, PA 16802 20, Avenue Albert Einstein
Caterpillar 69621 Villeurbanne Cedex,
Technical Center, Bldg. E ELISSALDE, C. France
POB 1875 Laboratoire de Chimie du Solide
Peoria, IL 61656-1875 du CNRS GUO, R.

Universite Bordeaux Penn State University
DAMJANOVIC, Dragan 351, Cours de la Liberation Materials Research Lab
Ecole Polytechnique 33405 Talence Cedex, France University Park, PA 16802
Federale de Lausanne
Lab. de ceramique, MX-Ecublens ERBIL, Ahmet GUPTA, Sri P.
1015 Lausanne, Switzerland Georgia Tech Kemet Electronics

School of Physics P.O. Box 5928
DAUSCH, David Atlanta, GA 30332 Greenville, SC 29606
Clemson University
Olin Hall ESAYAN, Stepan GURURATA, Raj
Clemson, SC 29634-0907 Rutgers University Hewlett Packard

Dept. of CerPOB 909 3000 Minuteman Road
DAY, John Piscataway, NJ 08855 Andover, MA 01810
Kemet Electronics
POB 5928 EVANS, Joseph T. HADNAGY, Domokos
Greenville, SC 29615 Radiant Technologies, Inc. Ramtron

1009 Bradbury Drive, SE 1580 Ramtron Drive
DEBASIS, Roy Albuquerque, NM 87106 Colorado Springs, CO 80907
Penn State University
143 MRL FADA, Yoshiaki HAMMETTER, Bill
State College, PA 16801 Tokin Corporation Sandia National Laboratories

6 Chome 7-1 Kooriyama Department 1845
Taihaku-Bu Sendai-City Albuquerque, NM 87185-5800
Miyage-Pref Japan

639



HAERTLING, Gene JHING-FANG, Chang KUMAR, Umesh
Clemson University Virginia Tech MRL, Penn State University
206 Olin Hall Dept. of Mat Sci/Engrg University Park, PA 16802
Clemson, SC 29634-0907 Blacksburg, VA 24061

KUPFERBERG, Lenn C
HALL, D.A. JOSHI, Pooran C. Raytheon Company
University of Manchester Penn State University, Mat Res 131 Spring Street
Grosvenor Street Lab Lexington, MA 02173
Manchester, MI 7HS UK 135 R.O.B., M.R.L.

University Park, PA 16802 LAMPE, Donald R.
HARRAD, El Westinghouse Electric Corp
Cloes-Supele 2 Rue Edovard JULLIEN, Pierre POB 1521 - MS 3D12

Belin Metz 57070 Lab de Physique du Solide Baltimore, MD 21203
France Bd Gabriel

Dijou 21000 France LANG, Sidney B.
HAUN, Michael J. Ben-Gurion Univ of the Negev
Colorado School of Mines KAHN Manfred Department of ChemEngrg
Dept. of Metall & Mat Engrg NRL DOD 84105 Beer Sheva, Israel
Golden, CO 80401 3412 Austin Court

Alexandria, VA 22310 LEE, Burt
HENDERSON, Jack Clemson University-Olin Hall
Naval Surface Warfare Center KALLUR, Venugopal A. Clemson, SC 29631-0907
Crane, IN 47522 Texas A&M University

Center for Electronic Materials LEE, Hee Young
HENDRICKS, Warren C. Electrical Engineering Yeungnam University
Dept. of Mat Sci/Engrg Department 214-1 Dae-dong
Virginia Tech College Station, TX 77843-3128 Kyongsan 712-749, Korea
213 Holden Hall
Blacksburg, VA 24060 KATAYAMA, Takuma LEE, Jai chan

Kyoto University Rutgers University
HERABUT, Aree Dept. of Electronics Dept/Ceramics
Rutgers University Yoshida Honmachi, Sakyo-ku POB 909
Dept. of Ceramics Sci. & Engrg. Kyoto, Japan 606 Piscataway, NJ 08855
POB 909
Piscataway, NJ 08855 KATO, Yoshinobu LEE, Sungchul

Fukai Institute of Technology University of Arizona
HIRATANI, Masahiko 3-6-1 Gakeun ECE Department
SUNY at Buffalo Fukui City, Japan Tucson, AZ 85721
330 Bonner Hall
Buffalo, NY 14260 KHAN, Ashraf LI, Chen-Chung G.

Virginia Tech Virginia Tech
HU, Hongxing Dept. of Materials Engineering 213 Holden Hall, MSE Dept.
Penn State University Blacksburg, VA 24061 Blacksburg, VA 24061
A-1 MRL
University Park, PA 16802 KINGON, Angus LI, Guang

Dept/Mat Sci & Engrg, NCSU Clemson University
HUANG, Charles H.-J. Raleigh, NC 27695-7919 Olin Hall
Rice University Clemson, SC 29634-0907
6100 S. Main St. KLOHN, Kenneth
Houston, TX 77251 US Army Electronics LI, Shaoping

Tech/Devices Lab Penn State University
ICHINOSE, Noboru SLCET-MA 214 Materials Research Lab
Waseda University Ft. Monmouth, NJ 07703 University Park, PA 16802
3-4-1 Ohkubo Shinjuku-ku
Tokyo, Japan KORIPELLA, Ramesh LIN, C.

Kemet Electronics Clemson University
JANA, Pradeep POB 5928 Olin Hall
Texas A&M University Greenville, SC 29606 Clemson, SC 29634-0907
Center for Electronic Materials

Electrical Engineering KULWICKI, Bernard M. LIN, Chhiu-Tsu
Department Texas Instruments Northern Illinois University
College Station, TX 77843-3128 34 Forest Street, MS 10-13 Department of Chemistry

Attleboro, MA 02703 DeKalb, IL 60115-2862

640



LIN, Donhang MEIYU, Zhao OCHI, Atsushi
University of Illinois 105 S& Shanghai Institute of Ceramics NEC Corporation
Goodwin 1295 Dingxi Road Miyazaki 4-1-1 Miyamae
Urbana, IL 61801 Shanghai, China 200050 Kawasaki, Kanagawa 216

Japan
LIPELES, Russell MEYER, Tim
The Aerospace Corporation Morgan Matroc OHKI, Michio
POB 92957, MS MZ-244 232 Forbes Road Kyoto University
Los Angeles, CA 90009 Bedford, OH 44146 Dept. of Electronics

Yoshida Honmachi, Sakyo-ku
LIU, S. T. MICHELI, Adolph L. Kyoto, Japan 606
Honeywell G.M. Research Labs
12001 State Highway 55 12 Mile & Mound Rds., Dept. 40 OKAZAKI, Kiyoshi
Plymouth, MN 55441 Warren, MI 48090 Shonan Institute of Technology

1-1-25, Tusujido Nishikaigan
LIVAGE, Carine MILLAR, Caroline Fujisawa, 251, Japan
Rutgers University Ferroperm A/S
POB 909 Hejreskovvej 6 ONITSUKA, Katsuhiko
Piscataway, NJ 08855-0909 3490 Kvistgard, Denmark Penn State University

Materials Research Lab.
LUO, Wei-Gen MING, Nai-Ben University Park, PA 16802
Shanghai Institute of Ceramics Nanjing University
Chinese Academy of Sciences LSSM, Nanjing University, PAN, Wei
1295 Ding-X: Rd. Nanjing, 210008, China Virginia Tech
Shanghai 200050 China 213 Holden Hall

MIYASAKA, Yoichi Blacksburg, VA 24061
MAIER, Roe J. NEC Corporation
Phillips Lab 4-1-1 Miyazaki PANDEY, R. K.
PL/VTET Kawasaki, Japan 216 Texas A&M University
Kirtland AFB, NM 87117-6008 Electrical Engineering Dept.

MOORE. Randall College Station, TX 77843-3128
MANSOUR, Said A. Harry Diamond Labs
Purdue University 2800 Powder Mill Rd. PANHOLZER, Rudy
School of Material Engineering Adelphi, MD 20783 Naval Postgraduate School
W. Lafayette, IN 47906 Monterey, CA 93943

MOYNIHAN, Ted

MANTESE, Joseph V. Spectra, Ins. PAPET, Philippe
General Motors P.O. Box 68 C Quartz & Silice
30500 Mound Rd. Hanover, NH 03755 108 Av Carnob
Warren, MI 48090-9055 Nemours, 77140, France

MYERS, Ed

McKEIGHEN, Ron National Semiconductor PARADISE, Bill
Advanced Technology Labs 2900 Semiconductor Dr., Clemson University
22100 Bothell Hiway SE M/S E-140 Olin Hall
Bothell, WA 98041 Santa Clara, CA 95052 Clemson, SC 29634-0907

MECARTNEY, Martha NAM, Hyo-Duk PARDO, Lorena
University of California, Irvine Yeungnam University Insto. Ciencia De Materiales
Dept of Mech & Aero Engrg 214-1 Dae-dong (A)CSIC
Irvine, CA 92717 Kyongsan 712-749 Korea Serrano, 144

28006-Madrid, Spain
MEGHERHI, Mohammed NASBY, Robert D.
Piezo Kinetics Inc. Sandia National Laboratories PENG, Cheng-Jien
POB 756 POB 5800, Dept. 1325 MRL Penn State University
Bellefonte, PA 16823 Albuquerque, NM 87185-5800 129 MRL/PSU

University Park, PA 16802
MEITZLER, Allen H. NEAR, Craig
Ford Motor Co. Morgan Matroc PENG, Chien-Hsiung
Scientific Research Lab, 232 Forbes Road Virginia Tech
POB 2053, Rm. E-1170 Bedford, OH 44146 213 Holden Hall
Dearborn, M( 48121 Blacksburg, VA 24061

641



PHULE, P.P. RIMAN, Richard E. SI, Jie
University of Pittsburgh Rutgers University Virginia Tech
848 Benedum Hall P.O. Box 909 213 Holden Hall
Pittsburgh, PA 15261 Piscataway, NJ 08855-0909 Blacksburg, VA 20060

PILGRIM, Steve RITTENMYER, Kurt M. SIDNEY, Ian
Martin Mariette Laboratories U.S. Naval Research Laboratory, Morgan Matroc, Unilator Division
1450 S. Rolling Rd. P.O. Box 568337 Vauxhall Industrial Estate
Baltimore, MD 21227-3898 Orlando, FL 32856 Ruabon, CLWYD LL14 6HY UK

PINHO, John ROSEMAN, Rodney D. SIMONNE, John J.
Acoustic Imaging University of Illinois LAAS-CNRS
10027 S. 51st St. 105 S. Goodwin, Ceramics Bldg. 7 Avenue Colonel Roche
Phoenix, AZ 85226 Champaign-Urbana, IL Toulouse F-37000 France

POHANKA, Robert SAFARI, A. SINHAROY, Sam
Office of Naval Research Rutgers University Westinghouse STC
800 N. Quincy St. PO Box 909 1310 Beulah Road
Arlington, VA 22217 Piscataway, NJ 08855-0909 Pittsburgh, PA 15235

PRESTON, Kimberly SAYER, Michael SMITH, Wallace Arden
Clemson University Dept. Of Physics Office of Naval Research
Olin Hall Queens University Materials Division, Code 1131
Clemson, SC 29634-0907 Kingston, Ontario K7L 3N6 800 North Quincy Street

Canada Arlington, VA 22217-5666
PtI(H, Robert D.
USAF Phillips Laboratory SCHMIDT, Hugo SMITS, Jan
PL/VTET Montana State University Boston University
KAFB, NM 87117-6008 Bozeman, MT 59717 44 Cummington Street

Boston, MA 02215
QIU, Chuan SCHMITT, Heinz
Virginia Tech Universitat des Soiarlaudes SRINIVASAN, T.T.
Dept. of Mat Sci/Engrg Fachbereich 10.3 Physik Ferro Corporation
Blacksburg, VA 24060 D-6600 Saarbrucken Germany Perry Point Rd, POB 217

Penn Yan, NY 14527
QIREU, Zhang SCHUTZING, Norman W.
Perfect structures General Motors Research Labs SUGIHARA, Sunao
Suzhou Railway Teacheve 30500 Mound Rd. Shonan Institute of Technology

College Warren, MI 48090 1-1-25, Tusujido Nishikaigan
Suzhou, China Fujisawa, 251, Japan

SELVARAJ, Raj U.
RAVINDRANATHAN, P. Penn State University, MRL SUI-YANG, Huang
Penn State University State College, PA 16802 Laboratoire de Cherie du solide
204 Materials Research Lab. Unive Bordeaux 1
University Park, PA 16802 SETTER, Nava Talence, France

Ecole Polytechnique
RAYMOND, Mark Federale de Lausanne SUWANNASIRI, Thitima
Lehigh University, MRL Lab. de ceramique, MX-Ecublens Rutgers University
Whitaker Lab #5 1015 Lausanne, Switzerland BPO 29886 POB 1119
Bethlehem, PA 18015 Piscataway, NJ 08855

SHERRIT, Stuart
RICHARD, Claude Royal Military College TAHAN, Danielle
Institut National des Sciences Kingston, Ontario Canada Rutgers University
Appliquees (INSA) POB 1119
20, avenue Albert Einstein SHIH, Wei-Heng Piscataway, NJ 08855
69621 Villeurbanne cedex Drexel University
France Dept/Mat. Engrg. TAKADA, Takahiro

Philadelphia, PA 19104 Sumitoyo Metal Industries Ltd.
RIECK, Vernon W. 3603 Plaza Drive
Spectra, Inc. SHIMIZU, Masaru State College, PA 16801
P.O. Box 68 C Kyoto University
Hanover, NH 03755 Dept. of Electronics

Yoshida Honmachi, Sakyo-ku
Kyoto, Japan 606

642



TAKENAKA, Tadashi UDAYAKUMAR, KR. WECHSLER, Barry
Science University of Tokyo Penn State University Hughes Research Laboratory
Noda, Chiba-ken, 278 Japan Room A4, Mat Res Lab 3011 Malibu Canyon Rd

University Park, PA 16802-4801 Malibu, CA 90265
TAKEUCHI, Hiroshi
Hitachi, Ltd. VAN BUSKIRK, Peter WHATMORE, Roger W.
Minami Oi, Shinagawa-ku ATM Gec-Marconi Materials Technical
Tokyo, Japan 7 Commerce Dr. Caswell, Towcester

Danbury, CT Northants NN 12 8EQ
TANCRELL, Roger
Raytheon Research Division van der KLINK, J. J. WILLIAMS, Martin
131 Spring St. EPFL Manchester University
Lexington, MA 02173 Institut de Physique Manchester Mat Sci Ctrr

Experimentale Grosvenor St
TANIMOTO, Toshio Lausanne, CH-1015 Switzerland Manchester MI 7HS England
Shonan Institute of Technology
1-1 -25, Tusujido Nishikaigan VAUDIN, Mo;', WOLNY, Wanda W.
Fujisawa, 251, Japan NIST Ferroperm A/S

Ceramics Division Hejreskovvej 6
TANTIGATE, Chutima Gaithersburg, MD 20874 3490 Lavistgard
Rutgers University Denmark
Dept of Ceramic Science/Engrg VIJAY, Dilip P.
POB 909 Virginia Tech WON CHOI, Seong
Piscataway, NJ 08855 Blacksburg, VA 24061 Dankook University

24 Anseodong, Chungnam,
TEOWEE, Gintong VOLK, Eve Seoul, Korea
University of Arizona SEACOR Piezo Ceramics
4715 E. Ft. Lowell Rd. 8 Huntington Street, Suite 300 WOOD, Steven
Tucson, AZ 85718 Huntington, CT 06484 Memory Development

Bell-Northern Research Ltd.
THAKOOR, Sarita VUGMEISTER, Boris POB 3511, Station C
Jet Propulsion Laboratory Lehigh University Ottawa, Ontario Ki Y4H7
4800 Oak Grove Drive Department of Physics Canada
Pasadena, CA 91109 Bethlehem, PA 18015

WOUTERS, Dirk
TOMIKAWA, Y. WALLER, Dave IMEC
Yanagata University Hewlett Packard Kapeldreef 7S
4-3-16 Johnan 3000 Minuteman Rd. 3001 Leuven Belgium
Yonezawa 992 Japan Andover, MA 01810

WU, Richard
TOULOUSE, Jean WALLIS, Jeremy Cabot Corporation
Lehigh University Mattek, CSIR County Line Road
Physics Building Meiring Naude Road, Brummeria Boyertown, PA 19460
Bethlehem, PA 18015 Pretoria, South Africa 0184

WU, Shu-Yau (Jim)
TRAYNOR, Steven WANG, Feiling McDonnell Douglas Electronic
Ramtron Corporation Clemson University Systems Co.
1850 Ramtron Drive Olin Hall 1801 E. St. Andrew P1.
Colorado Springs, CO 80918 Clemson, SC 29634-0907 Santa Ana, CA 92705

TUTTLE, Bruce WANG, Sea-Fue WU, Zheng
Sandia National Laboratories Materials Research Lab Queens University
Division 1845 Penn State University Kingston, Ontario, K7L 3N6
Albuquerque, NM 87185 University Park, PA 16802 CANADA

TZE-CHIUN, C. Chen WANG, Yong Ling XIE, Sheng-wu
Virginia Tech Shanghai Institute of Ceramics Shanghai Jiao Tong University
Dept. of Mat Sci/Engrg 1295 Ding-xi Road 1954 Hua Shan Road
Blacksburg, VA 24061 Shanghai, China 200050 Shanghai 200050 China

UCHINO, Kenji WASILIK, John H. YAMAGUCHI, Hiromu
The Pennsylvania State Univ Wasilik Associates NEC Corporation
134 Materials Research Lab 1304 Sarah Drive 4-1-1 Miyazaki
University Park, PA 16802 Silver Spring, MD 20904 Kawasaki, Japan 216

643



YAMAMOTO, Takashi
National Defense Academy
Yokosuka, Japan

YAMASHITA, Yohachi
Toshiba Corporation
70 Yanaol-Cho Saiwai-ku
Kawasaki 210 Japan

YAO, Si
Aian Jiaotong University
Department of Electronic
Engineering
Xian 710049 China

YOO, In K.
Virginia Tech
Blacksburg, VA 24060

YOON, Soon-Gil
Rutgers University
Dept. of Ceramics
POB 909
Piscataway, NJ 08855

YOSHIKAWA, Shoko
The Pennsylvania State
University MRL
University Park, PA 16802

YOUNG, Ho Shin
Chenan National Junior Tech
College
275-1 Budaedong, Chenan
Chunnam, Korea

YU, lnsuk
Seoul National University
Sinrim-dong
Seoul, 151-742 Korea

YU, Suolong
Fuyang
Hangzhou Ahejiang 311400
China

ZHANG, Qiming
Penn State
Materials Research Lab.
University Park, PA 16802

ZHONGANG, Huang
Shanghai Institute of Ceramics
1295 Dingxi Road
Shanghai, 200050 China

ZU-YOU, Mao
Low Firing High Properties MLC
Hong-Ming Electronic
Component Factory
Chengdu, Sichuan 610058
China

644


